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ABSTRACT 
The mineral composition, texture, and field relations of chromite -deposits 
and their serpentinized dunite host from Skoumtsa - Xerolivado Mines of the 
{) 
Vourinos Ophiolitic Complex, Greece are similar to those of podiform ores 
hosted by alpine-type peridotites of ophiolites. The dunite host is of magmatic 
. . 
and intrudes the surrounding harzburgite. Disseminated, banded or or1g1n 
schlieren, and massive textures of hosted chromites, are primary features 
resulting from crystallization differentiation and crystal settling. The average 
molecular composition for th~ chromites • • 1s given by the formula 
with "f erri t-chromi t" • margins richer • 1n C~ /(Cr+Al) and poorer • ID 
Mg/(Mg+Fe+ 2). Differences in Mg/(Mg+Fe+ 2) ratios between disseminated and 
segregated chr_omite grains arise from subsolidus reequilibration after they have 
crystallized and do not reflect magmatic temperature differences as based on 
olivine-spine! subsolidus relationships. The olivine-spine} geothermometer based 
· on Mg-Fe+~ exchange between the two minerals,. shows an avera~e temperature 
of cessation of the Mg-Fe+ 2 equilibration of 800° C which reflects· the subsolidus 
stage. 
1 . ,. 
.... _ 
' / 
•. 
.. 
·., 
Chapter 1 
INRODUCTION. 
Ever ophiolites were introduced· into the. European literature· by • since 
Steinmann (1905, 1926); they have been a source of controversy, although all 
workers have agreed upon their importance. A number of conflicting schools of 
thought have become unified in the interpretation of ophiolite complexes as 
fragments of • oceanic crust and mantle formed at spreading centers. The 
Ophiolitic Complex of Vourinos helped clarify the confusion about the origin of 
ophiolites (Moores, 1969) and displays an important economic potential for 
Greece itself because of its abundant podiform chromite deposits hosted in the 
alpine-type peridotites that occur as part of the complex. Podiform deposits are 
an important source of chrome ores for metallurgical and refractory purposes 
and their use depends on their chromite composition, especially the Cr20 3, 
Al20 3 and Fe20 3 contents and the Cr/fe ratio (Thayer, 1973; Thayer and 
Lipin, 1978). Greece has been producing refractory grade chromite ore since 
1891, but the exploitation of metallurgical grade chromite began only a few 
ll . 
years before World War II. At this time at Skoumtsa - Xerolivado, Kozani, the 
location for this· study, an active underground mine exists and supplies the local 
mills based on hydromechanical beneficiation of the ores. A chromite concentrate 
:, 
with a composition up to 60% Cr20 3 and a Cr/fe ratio up to 3.5 is being ~.sed 
'"I 
•, 
"' 
for metallurgical purposes. and is the basis of the relatively new FERRO-
CHROME industry operating at Volos in CentralC\):r;~ece, which, in turn, 
\_ 
\ 
supplies the Steel industry. 
The lack of regular stratigraphic variations in the composition of the 
,, 
chromite ores within and among individual deposits has been consid~ed as. an 
2 
.. 
• I 
-..... 
-
... ,. .. 
important and distinctive feature of podiform deposits. Attemps made in ·the 
~ t 
past, have faifj to establish the criteria which control the often significantly 
I • 
large variations • Ill the . chromite comp~sition among such deposits within 
individual alpine-type complexes. Noteworthy ex~mples of such erratic 
compositional variation of chrorr1:te are: the Coolac serpentine belt, Australia 
(Golding, 1966), the Canyon Mountai"n Complex, Oregon (Thayer, 1969), and 
the Troodos Complex, Cyprus (Greenbaum, 1977). Chemical variations in 
Central Vourinos, specifically among the rocks of the Lower Cumulate Zone 
(cumulates) and the dunite bodies and harzburgites of the Tectonite Z~µe are 
. , 
reflected in the compositions of chromites and olivines and were reported by 
Harkins (ms), Green, and Moores (1980). 
The chromite compositions also provide significant petrological information 
as d~cumented by Thayer (1964, 1970), Irvine {1965, 1967),'··,.·Marakushev (1979), 
and many others. Moreover, the composition of disseminated chromite in 
ultramafic host rocks of chromite deposits has received much attention recently 
because of the progress of microanalytical techniques such as electron probe 
microanalysis and its significance as an indicator of the conditions of formation 
of the associated chromite deposits. 
The textural varieties of podiform chrome· ores are regarded as 
petrogenetically significant because they are primary features, and chromite is 
considered an important indicator of chemical · variations . in the primary 
environment. 
This thesis presents a detailed study of the chromite and olivine 
.. 
compositions in fouir different chromite bodies hosted by a dunite body of the 
Tectonite Zone of the V·ourinos Ophiolite. The dunite body is ·located SE of 1: 
l 
3 
I 
'. 
I 
I 
, 
.. 
Central Vourinos (Moores; 1969) and the· chromite bodies at Skoumtsa -
Xerolivado .Mih~s. Chemical variations have been examined by electron 
,, 
microprobe a~alysis of chromite and olivine within each chromite body and 
among the four different chromite bodies. This analysis· reflects the physical and 
~ 
chemical conditions of crystallization and is accompanied by chromite, olivine, 
I) 
and pyroxene composition in harzburgite which surro11nds the dunite body .. This· 
compositional data from the studied area is related to that of Central Vourinos 
(Harkins et · al., 1980) in order to establish possible modes · of origin of the 
chromite deposits and their dunite host. Compo~itions of disseminated chromite 
have been examined separately~· Various chemical parameters used as 
classification criteria to distinguish chromites from alpine-podiform complexes of 
ophiolites from chromites from stratiform complexes were examined and 
classification plots were drawn after Thayer (1970), Irvine and Findlay (1972), 
Bird and Clark (1976), and Dickey (1975). The theory of Mg-Fe+2 exchange 
z between, olivine and chromian spinel, a potential geothermometer formulated by 
/ 
• 
Irvine (1965, 1967) for ore bodies and host ultramafic rocks, is applied and 
related to both disseminated and segregated chromite grains within the chromite 
bodies . 
\ 
I 
\ 
·, 
4. 
•. 
Chapter 2 
GE.OLOGICAL BACKGROU.ND 
2.1 Regional Setting and Geology 
The geotectonic structure of Greece consists of a series of elongate z~nes of 
,,rocks trending NW-SE (Figure 2-1). These zones are the following from 
northeast to southwest: 
• Rhodope Massif 
• Serbo-Macedonian Massif 
• Vardar Zone or Axios Zone divided into 3 subzones: Peonia, Paico, 
Almopia 
• Pelagonian Zone 
• Sub-Pelagonian Zone or Messohellenic Trougl1 
• Pindus Zone or Olonos-Pindus Zone 
"" • Parnassus Zone or Parnassus-Giona Zone 
/ • Gavrovo Zone or Gavrovo-Tripolis Zone 
e Ionian Zone or Adriaticoionian Zone 
• Paxi Zone I 
The "internal zones" lying east of the Parnassus Zone in the south and 
the Pindus Zone in the north are composed of rocks which extend in age from 
Palaezoic, possibly Precambrian, to Recent, and include areas of metamorphic 
rocks (the Rhodope and Serbo-Macedonian Massifs) among which are the oldest 
known formations in Greece. Also included is a variety of older and younger 
igneous rocks such as granites and. extrusives. 
The main "external zones" seem to have been tectonized somewhat later 
5 
,, . 
. " 
0 
Gavrovo 
Zone ,.. 
SCALE 
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• I 
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. . ' 
FIGURE 2- I. Plan showing ma·ln structural zones of Greece (after Auboi1n, 1963 
as quoted by Aoer, t980). The Vo~rlnos Complex occuples .. he 
rectangular hachured area. \ .. 
• 
6' 
• 
.. 
.. 
than the· internal zones, and were less displaced to the west· during the 
,[ 
cotPpression of the land masses. Formations older than the Mesozoic have not 
yet been recognized in the external ·zones and no metamorphic or igneous rocks 
have been.. found. These basic geological differences between the internal and 
external zones of Greece are reflected, as might be expected, in the types of 
mineralization which occur in them. 
2. 2 General Description of the V ourinos Complex 
Ultramafic igneous rocks, which are the characteristic rocks of chromite 
deposits, occur widely in Greece and are indicated in Figure 2-2. The Vourinos 
Complex occurs at the western bound~ry of the Pelagonian Zone adjacent to the 
' 
Sub-Pelagonian Zone (hachured area in Figure 2-1), and is exposed over an area 
30 Km long by 15 Km wide. It trends generally northwesterly, parallel to 
regional tectonic strike, and dips southwesterly. It forms part of the western 
Balkan ultramafic belt. 
The Complex is divided in three major parts (Plate 1, Moores et al., 
/ 
1983) ~ follows: 
• The underlying rocks 
• The ophioli tic rocks 
• The overlying rocks 
In Plate 1 the "base" and "top" of the complex are considered to be its 
\ 
7 
• 
"' 
,. 
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FIGURE 2-2. The ultramaf le rocks of Greece (black areas) and major 
mineral ores a.ssoclated wlth them (after Zachos, 1969). · -
8 
',. \ 
; 
,, \ 
'':' 
' 
northeastern and southwestern margins; respectively for- t~ree reasons1 (Moores, 
,.,,. 
1969). Thus, this plate is· oriented with the "base" at the· bottom and the "top" 
at the top and the map .becomes a longitudinal cross section of the complex. 
\ 
( 
2.2.1 The underlying rocks r 
.... ; .. 
The ophi<?litic rocks of the Vourinos Complex were emplaced over lower 
Jurassic limestone and terrigenous deposits, now metamorphosed to marble, 
phyllite, and, near the contact, . amphibolite. The contact trace describes a 
semicircle~. and, wherever exposed,. marble and phyllite dip under the complex 
(Moores, 1969). The contact is well exposed at the southeast end of the mass 
near M. Zavordhas (Plate 1), near Aliakmon River at the east-central margin of 
' 
the mass, and from Chromion to Paleocastron. West of Paleocastron, it is lost 
underneath Tertiary deposits of the Mesohellenic Trough. The attitudes of the 
contact and "the underlying rocks are generally conformable, but locally small 
structures are truncated (Moates, 1969). A melange containing fragments of 
__ , 
i" 
.... 
volcanic rocks, red chert, and marble is widespread some distance below the 
/ 
. -
contact (Zimmerman, 1968). 
1 
41 1. The pseudostratiform sequence of··· the complex is oriented so that rocks become in gener~l 
less mafic from northeast to southwest. 
I '·.• 
I' 
2. In the ·surrounding region rocks which plunge under the: northeastern contact are older than 
those which overlie the comlex to the southwest. 
3. A suggestion of cryptic variation within pyroxenite and gabbro indicate top. to the 
southwest. 
9 
' 
.. 
2.2.2 The overlying rocks 
Lences of radiolarian ·cher.t and calpionellid limestone are found near and P 
at the top the complex." Radiolarian chert occurs in· two areas:· at the southern 
limit of exposure in the West Vourinos where it forms a. 10-m-thick layer 
overlying breccia. and pillow lava, and below Langhadakia where it forms an 
intercalation 1- to 2-m-thick within amygdaloidal andesite and baslt. This 
volcanic rock and chert is in turn overlain by red to gray brecciated limestone 
containing radiolaria an~ calpionellids of Tithonian (?_) or Neocornian (?) age 
(Fischer, personal commun. 1966; in Moores, 1969). 
Overlying these deep-water sediments is Cenomanian (Fischer, per~r ·.di 
commun. 1966; in Moores, 1969) rudistid limestone. This limestone 
unconformably, overlies the upper rocks of the Vourinos Complex, and represents 
I 
a widespread Cretaceous transgressiom over northern Greece (Brunn, 1960; 
Aubouin, 1964). 
2.2.3 The ophiolitic rocks 
/ 
The ophiolitic rocks of the Vourinos Complex include the following units 
from bottom to top (Plate 1): 
• Tectonite Zone or Ultramafic Zone composed of harzburgite, dunite, 
pyroxenite, serpentinit~ and chromite ore bodies 
• Cu1nulate . Rocks including two zones: the Lower Cumulate Zone and 
Upper Cumulate Zone composed of ultramafic rocks at the base 
grading to mafic or intermediate rocks at the top 
• Noncumulate Plutonic Rocks. ranging from ultramafic to mafic · 
• Diabase Zone composed dominantly of sheeted dikes and 
diabase 
\ ) ( 
10 
• 
massive 
... 
. . 
2.3 Origin and Emplacement of the Complex 
. . 
Since· early 1950's extensive. recconaissance field work in Italy, Greece, and 
Turkey has· led many European geologists to interpret ophiolites as originating 
. . . .... 
by extrusion and differentiation of basaltic magma (Brunn, 1956, 1960; Aubouin, 
1964; Gansser, 1959; Dubertret, 1953)-. Bailey and McCallien (1953) presented 
evidence for submarine extrusion of ultramafic lavas in nothern Turkey. 
However, other workers interpret the ultramafics and gab bros as having intruded 
into country rock containing some volcanic deposits (Bear, 1966; Karamata and 
others, 1966; Thayer, 1963; Mayer, 1956; Greev, 1962; Hiessleitner, 1951). 
Little detailed work had been done until early 1960's to test these hypotheses. 
Reconnaissance studies of the Vourinos Massif of northern Greece (Maxwell 
and Azzaroli, 1962; Maxwell, 1963; in Moores, 1969 personal commun.) showed 
~ l_/~ 
' -
that all parts ·of the ophiolite sequence were well developed, and that it would 
l 
be suitable for testing these hypotheses. The complex and subjacent rocks later 
received detailed petrological and structural consideration (Moores, 1969; 
Zi'rnmerrnan, 1968). / · 
-
... _ 
Moores in .his study on the "Petrology and Structure of the · Vourinos 
Ophiolitic Complex of Northern Greece" - 1969, suggested th~t the complex may 
have originated by partial fu~ion of lherzolitic mantle material ( containing 3 to 
4 percent alumina), and subsequent separation of approximately 80 percent 
ultramafic residue (< 1 percent alumina} and 20 percent :mafic liquid (> 10 
p~rcent alumina) during emplacement on the ocean floor. 
Howev~r, . there _ is disagreement · as· to the · mode of emplacement of t,-ie 
' Vourinos Ophiolitic Complex is related to the emplacement of the ophiolitic 
--···. 
mass of the Pelagonian Zone. Two modes of emplacem·ent have been. suggested. 
11 
,, 
\ 
According to the first one, the ophiolites are considered to be autochthonous 
. 
(Brunn, 1961), and according to the second they are . considered . to be 
. 
allochthonous, having been overthrust from the Axios Zone to the west (Mercier 
et al., 1975; Vergely, ~976). · Zimmerman (1972) suggested that the Vourinos 
Complex is an allochthnous fragment of oceanic crust and upper mantle thrust 
over neritic · carbonates concurrent with partial subduction of continental 
lithosphere. 
~ 2.4 Local Geology and Study Area 
The study area is located SE of the. Central Vourinos (1969), (rectangular 
-,,;· 
area B of Plate 1) and occupies a part of the Tectonite Zone (Ultramafic Zone), 
( rectangular area A of Plate 1). The local geology of this area is presented in 
Figure 2-3. This area also occupies the southeastern part of the zone which 
contains 90% of the ltnown chromite ore. The major igneous types of this 
portion of the comple\_are harzburgi~ and dunite wi.;h accompanying deposits 
of chrome spinel. Most 'Chromite deposits are confined to the dunite bodies, and 
harzburgite contains, in many areas, disseminated accessory chromite grains. 
The chrome spinel deposits, hosted by the dunite bodies, give this area a 
significant importance for· underground mining, and supply the cocentration plant 
(mill) in Skoumtsa with ore. The ultramafis rocks of dunite · and· harzburgite of 
Skoumtsa - Xerolivado mining area strike 50° NE and dip 55°-60° NW. The 700 
tunnel in Skoumtsa has its portal at an elevation of 700, m, and, after a tunnel 
length of about 2 Km, reaches the chromite deposits of this study at an 
elevation of 716 m. These deposits occur as discrete bodies and their dunite 
'" 
host is overlain by harzburgite at this location (rectangular · area C in Figure 
-~' 
2-3). The underground mine has several levels the lowest of which is level ,716. 
··---' 
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FIGURE 2-3. Local geology of the study area. 
UGME-Kozani, portion of _Paleohorion-Skoumtsa 
Quandr~ngles). 
A topographic map showing the location of the rectangular· area C of 
Figure 2-3, and the associated chromite bodies, along with. major fault zones is 
given in Figure_ 2-4. The cross section K1 K2K·3 is give.n in Figure 2-5, and· 
shows main geological and structural interpretations. 
The presence of two almost vertical fault zones, namely, F 1 and F 2, with 
E- W strikes, separates the area into three sections: the North, Central, and 
South Section (Figure 2-4). The North Section extends from the F 1 zone. ·to the 
l':~, the Central Section lies between the F 1 and F 2 zones, and the South 
$ection extends below zone F 2 to the SW. Both the F 1 and F 2 zones display 
slips which have two components, strike-slip and dip-slip. The strike o{ both the 
F 1 and F 2 zont~ is measured by their displacement to the NW. Thus, F 1 has 
a strike-slip of 30 m, and a dip-slip of about 70 m; F 2 has a strike slip of 
liJ; 
about 130 m, and a dip-slip ranging fron1 90 m to 140 m. The chromite 
deposits show refoldings and they exhibit a wavy pattern in both horizontai and 
vertical sections in the I bodies. The thickness of units is greater in thf vertical 
sections than . in the horizontal. The dunite mass of the mining area, and the 
hosted metalliferous deposits plunge along strike at 10°-15° to the SW. This is 
an important factor for the mining exploration and exploitation {Stamoulis, 
·,. 
personal commun., 1983, 1984). 
2.4.1 North ·and Central Section 
In the North Section three chromite bodies namely 11, 12, and 13 outcrop. 
In the Central Section chromite ore appears in seven bodies namely 7, 8, 9, 10, 
and 11, 12, 13 which· were found displaced at 30 m to the NW (Figure 2-4). 
The appearenc_e of harzburgite under the metalliferous dunite in these sections 
·signifies the end of the chromite ore as shown in Figttre 2-5 (Stamoulis, personal 
14 
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at level 7 I 6. The chrom.lte bodies of Central· Section are projected 
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commun., 1983, 19S4). 
2.4.2 South Section 
The South Section is located between fault zone· F 2 and Fm (Figure 2-4). 
The dunite mass hosts six chromite bodies namely 1, 2, 3, 4, 5, and 6 which 
correspond to Bodies 7, 9, 10, 11, 12, and 13 of the Central Section respectively 
(Figure 2-4). Fo~r fault zones are distinguished in this section namely F 2, F k' 
F 3 , and Fm· This structural setting., divides the South Section in three J)()rtions: 
Figures 2-4, 2-5. The chromite mineralization extends up to 250 m (Body 1) 
along strike, and. varies in size vertically from body to bcdy and from section to 
section. In this study, four chromite bodies of the South Section were examined, 
namely Body 2, 3, 5, and 6. A short description of each of these bodies is given 
below (Stamoulis, personal commun., 1983, 1984). 
Body 2. This chromite body reaches 80-85 m vertically in the F 2-F k 
· .portion, and about 30 m in the F 3-F m portion. Its ave~age thickness in the 
F k-F 3 portion is 2.40 m. There is a known mineralization along strike in South 
Section of about 400 m. 
Body 3. T~is body has a vertical mineralization of about 140 m in the 
/:., 
F 2-F k portion, and about 60 m in the F 3..:F m portion. Its· known mineralization 
along strike is about 400 m. 
Body . · 5~ Its known mineralization along strike reaches 300 ~ and \ 
vertically up to 120. m. 
Body 6. This body appears to have a mineralization that starts at mining 
level 795 in the F 2-F k portion and continues to depth possibly below mining 
level 716, where it is expected to be richer. 
' 
17 
·, 
'·• 
Vt 
/> . 
0 
· .Chapter 3 . 
. METHOD.S 
.· As indicated above, _four chromite bodies were studied, namely, Bodies 2, 
3, 5, and 6, which occur ~n the South Section of Figure 2-4. Samples were 
collected underground mostly between the F 2 and F 3 fault zones in a section 
which is defined by the rectangular area C of Figure 2-4. Samples from Body 2 
and Body 3 were collected at level 716; those from Body. 5 at level 716 and 736 
, .and, those from Body 6 at level 736. All samples were collected along the 
drifts fallowing the ore bodies at · those levels. The exact location of these 
samples is shown in Figure 3-1 along with sample coding. In this figure the 
major drifts that follow these bodies are also shown. 
Polished thin sections of these samples were studied microscopically using 
• I! ' 
transmitted- and reflected-light methods to determine mineral textures arfcl 
........ 
mineral identities prior to electron microprobe analysis. 
Electron microprobe analyses of chrq.wite and olivine were obtained with a 
/ 
JEOL 733 SuperprQbe at the Institute of Ge ... ology and Mineral Exploration 
(IGME) - Athens, . and at the Department of Metallurgy and Materials Science, 
Lehigh University. Operating conditions were: accelerating voltage 15 Kv, sample 
. ' 
current 5 nanoamperes (IGME), and 10 and 20 nanoamperes (Lehigh Un.), 
(': 
takeoff angle 40°. The data were corrected for matrix and interelement effects 
by the method of Bence and Albee {1969). The standards used are listed in 
Table A-1 of Appendix A .. Detailed· chemical compositions (in wt %) of the 
·standards that< were used for microprobe analysis and which are available in the 
Department of Geological Sciences, Lehigh lJniversity are listed in Table A-2 ·of 
,., . 
Appendix A. The· normalization of the microprobe analyses to a speqific number 
,.,...... ,,1,1,k.--. ··, 
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FIGURE 3- I. Sketch of major drifts f ollowlng the studied deposits underground and 
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location of sampJes.. (Skoumtsa', - Xerollvado Mines). 
This sketch correspdnds fo area - C of Fig. 2-4'. 
I-
of cations for the chromite and . olivine was based on 32 and 4 Oxygens, 
respectively. The number of Fe2+ and·! Fe3+ ca.tions from the total iron 
microprobe analyses of the chromite were calculated on the basis of 8 cations in 
the tet~atedral sites and 16 cations,. in the ;oct.ahedral sites by subtraction of the. 
(f 
numq~er of tetrahedral cations (Mg2+, Mn2+, Ni2+) and the number of octahedral 
cation·s ( Cr3+, Al3+, Ti4+) given by the microprobe, respectively, assuming no 
tetrahedral and octahedral site vacancies~ 
Polished thin sections of fou·r harzburgite samples were also studied 
' 
microscopically, and electron microprobe analyses of pyroxene, olivine, and 
~ 
chromite were obtained. The exact location of these four" samples appears 1n 
. /, 
Figure 2-3 as H1, H2, H3 , and H4 ~utcrops in open circles. Two of these, 
namely, · H1 and H2, were collected im,mediately adjacent, to th~ dunite mas~ •.:, 
which is the host for the chromite bodies. The standards used for the 
microprobe analyses of pyroxenes were· the·. s.ame. standards used for olivine 
analyses and the normalization of the analyses to a '.;specific number of cations 
. ~r 
was based on 6 Oxygens. ..,? / 
.. 
,, 
;,t • 
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Chapter 4 
PETROGRAPHY 
The study area as a part of· the Tectonite (Ul.tramafic) Zone consits 
,. 
mainly of du,nite and harzburgite. The dunite body of this area is the largest 
dunite body· of the com1>lex, whereas harzburgite is the most extensive rock type 
exposed in the complex. 
4.1 Harzburgite 
Deformation has caused the harzburgite to be well foliated in most 
exposures. Foliation planes are defined by elongate or round, flattened 
· ortl1opyroxenes 1-10 mm in size which constitute more than 10 percent of the 
rock. Forsteritic olivine is the dominant mineral (no more than 90 volume 
percent) with accessory chromite (no ·· more · than 5 volume percent). 
Photomicrographs of the harzburgite in thin section are given Figure 4-1. Some 
alteration of pyroxene is shown in Figure 4-1 and tbis , is typical of the 
harz burgi tes. 
-.. _ 
The. deformation of harzburgite is shown in thin section by anhedral 
pyroxene and olivine with complicated intergranular _ boundaries, extreme 
undulose extinction, development . of kink bands, and range of grain size. 
Chromite grains are anl!edral · (see Figure 4-1) and the larger anhedral grains are 
embayed (Figure 4-2). 
-. 
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A. 
B. 
FIGURE 4- I. Photomlcrographs of harzburgite. An altered 
(OPX) grain is surrounded by ollvlne grains. 
A. Plane-polarized light. 3 5X. 
· B. Crossed polars, 3 5X. 
' •r• ,. ' ' .. ~ 
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orthopyroxene 
FIGURE 4-2. Phot.omlcrograph of a relattvely large ernbayed chromite grain In 
harzburgite. Plane-polarized light, 5 OX. 
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4.2 Dunite Body 
·= 
•. , 
- • I •• • • 
The harz burgite surrounds t:h:e: ·dun-ite:_ body-, \\/_h:ich ·-h·osts th·e ·(:pr.pm~: "Spinel 
. . 
: 
.de.posits of this:~ .stu~.:y. Th-e ·duni.te :body·· ·· shows ·v·aryl"ng: ·:d.egrees of 
:setfJenti'ni-z:ati.on a.nd i~- -.now·here: free of serpen-tir1e ·minetals. ·Because of this 
., 
extensive serpe-ntini~ation, the _rnpre-. d'esc:ript:ive lerm ·";ser.pentinized dl)_nite" is 
' . 
r,an·ge fro>rn. tottrpletely· serpentinized 
. • .. 
:mat;·ices =to _partly . :·serpentin}zed m.a.tri~es· wit.h olivine:· relicts present. In t.h~ 
former case relict crystal :sha.·pes are :~viden.t. in :thin section as shown in ·Fig_µr~ 
l1 
4-3 A, and the low first-order tolo.rs: characteristic ·of t:h~: serpe-ntine. miner:aJs 
with their .diagnostic mesh textut~. -are: shown. ln F:ig:1re 4.;.3 lh t-h·e: latter .c_a;~.e-
qlivi.1.'le· relicts ar~ surrounded: by ser-pet1tin~. minerals as s,how-n. in. :.·Figu)·e- :4-·4 ... 
OIIvine. reli_cts ~commonly. ·sh·ow twin .lame:llae in· .thi"n :section which ir1dicate tha..t 
th~,y have; l>e_en, 'strained. T.his ·sttain.·. is·: :probably related. to ·the .defotmatoion.· :of 
··harzburgite. 
The serpen:t'iniz·ed :dunite bod:y .is gen~ra,lly l~cki.P:_g. in. pyrolenes. After 
'· 
.extensive exa,wination of thin secti~ns, :pyroxe.ne rel}ct_s· w.ere not detected; in 
-
{ ~ 
_only one section (B5L4 L 716) a tiny pyroxene r~litt was detected using 
-microprobe analysis. Contacts between the dunite .pody and. the surrounding 
harzburgite are sharp and they are marked by· the absence of pyroxene within 
. the· dunite. There is no difference- between the average volume percentage~ of 
.. orthopyroxelie within the harzburgite in· direct contact with the ·dunite, and that 
withi11 the harzburgite collected some distance away from that contact. There is 
. 
\ 
no change in mineral composition in either rock \as·· the contact is approached, 
nor is there any apparent textural change in the dunite. 
The proportion of chromite to silicates within the dunite body ranges from 
.. , 24 
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Photomtcrographs of a complete serpenttnlzed matrix 
with relict crystal shapes (from section B 3L I). 
A. Plane-polarized light, I I OX . 
. B. Crossed poJars, I I OX. 
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FIGURE 4-4. Photomlcrographs of a partly serpentinizr3d matrix 
with olivine relicts (from sect ton 8 3L I). 
·" 
A. Plane-polarized light, 3 5X. 
8 .. Crossed polars, 3 5X .. 
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a · few percent· in the disseminated ore as shown in Figure 4-5, to nearly 100 
percent in the massive chromitite ore as shown in Figure 4-6. In both cases, 
chrome spinel has a deep-brown color in thin section. In polished section, 
chromite grains examined with reflected light have the typical gray color shown· 
ft,"i 
in Figure· 4-7. 
Using Energy-Dispersive Spectometry, other opaque minerals besides 
·-, 
chromite were detected and their qualitative chemical analyses · by means of 
energy-dispersed spectra are given in the Min~ral Chemistry chapter. 
4.2.1 Chromite Textures 
~ 
Hand specimens of chromite ores and their sawed surfaces show textures, 
namely, disseminated,· schlieren or banded, and massive, which are regarded as 
primary by Thayer (1964, 1969) and many later investigators. These textures 
.• 
are characteristic of all the chromite bodies, which were studied and display 
features detailed below. The orbicular texture which is . well known from 
Northern Vourinos was not found in this study. 
/' 
Disseminated texture. The disseminated texture consists of a wid~" 
percentage range of chromite as relatively uniform, fine-grained single crystals 
evenly scattered . in host silicates (Figure 4-8 A). Many specimens show~ 
gradation into massive texture with a higher chromite content _and larger crystal 
size, but sharp contacts also occur. The term is not synonymous with accessory 
chromites. 
Schlieren or Banded teJQture. Chromite ores with alternate chromite-
rich and silicate-rich rhythmic bands are domina11t in all the bodies and is the 
texture type typical of the Vou~inos Complex. Commonly, the rhythmic· bands 
are of · uniform thickness as shown in Figure 4-8 B. Usually, the banding 
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FIGURE 4-5. Photomicrograph of disseminated chromite grains. 
Plane-polarized light, 3 5X (from section 8 3L I). 
• 
FIGURE 4-6. Photomicrograph of massive chromitite. 
Plane-polarized light, 35X (from section 85L4 L 736). 
'4 ., ' '• • 
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FIGURE 4- 7. · Photomicrograph of chromite grains in chromltlte. 
Plane-polarized reflected light, BOX. 
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parallels the long dimension of the · orebody and may show small-scale folding 
and. faulting. Banded ores rarely show weakly graded layers as well.· 
Massive texture. Massive ore is composed of more than 80 per~ent 
chromite as relatively coarse granular aggregates of chromite .with a small 
volu.me of silicates in the interstices (Figure 4-8 C). The silicate is usually 
serpentine , but in places chlorite is also present. 
,.11 
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FIGURE 4-8. Textures in chromite ore . Specimens treated with HF to 
whiten silicates . 
A. Disseminated 8 . Banded or schlieren C. Massive 
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Chapter .5 . 
MINERAL CHEMISTRY 
The totals for the electron microprobe analyses obtained in this study were 
· between 98 and 102 percent, wi'th the exception of some analyses from minute 
inclusions, and, in all analyses, the total iron measured with the electron 
microprobe is given as FeO. True FeO, Fe20 3 (wt %) content.s -~f chromite and 
olivine analyses were calculated through a computer program, but are not given 
in this study. 
5.1 Dunite Body 
5.1.1 Chromite 
Analyses of disseminated and segregated chromite grains from Bodies 2, 3, 
5, and 6 are given in Tables 5-1, 5-2, 5-3, 5-4, and 5-5. The numbers of 
cat.ions , for each· element, were calculated through a computer program. These · 
are given below the. weight percent of each oxide in the tables. Segregated 
chromite analyses are distinguished from disseminated ones by an "S" at the 
end of the analysis code. Many disseminated grains were analysed from center 
to rim. Analysis codes that appear with the number · 1 in the position 
· col"tesponding to ".S", represent analyses taken. at the core of the grains. Each 
succeding analysis w~s taken at a position moving radially outward from the 
core of the grain and these positions are numbered succesively outward. In all 
cases the greatest number of the sequence represents the analysis· that was taken 
at the edge of the grain. Those analysis codes of disseminated grains t~at lack 
these numbers show that only one analysis. was taken at the core of that grain. 
Segregated grains were analyzed moving radially outward from the core. 
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TABLE 5··· 1 
ELECTRON MICROPROBE ANALYSES OF DISSEMINATED AND SEGREGATED CHROMITE GRAINS 
BODY 2, LEVEL 716· 
ANALYSIS CODE MGO AL203 TI02 MNO CR203 FEO NIO TOTAL 
B2Rl CR 1 11.47 9 .o 9 0.00 • 3 4 S9.4S 18 .14 .06 98.SS 
4. S 910 2.8770 0.0000 .0760 12.6200 4.0730 .0140 
B2Rl CR 2 s 12. 7.0 9.23 0.00 • 24 59.33 17.49 .07 99.06 
5.0290 2.8900 0.0000 .0540 12.4560 3.8850 .0140 
B2Rl CR 3 s 12 .3 0 9 ~24 o.oo .2 S 59.31 ·16.88 .12 98.10 
4.9140 2. 9180 0.0000 .OS 80 12.5640 3 • 7 82 0 .0250 
B2Rl CR 3 s 12.16 9.05 o.oo • 3 0 59~40 ·17.39 • 0 9 98 .3 9 
4.8SSO 2. 8S 80 0.0000 .06 80 12 .s 830 3.8960 .0200 
B2Rl CR 4 11.81 8 .s 9 o.oo ~ 2 S 59.86 · 18~36 .02 98.89 
• O 511 12-.6864 4.1151 .0040 4.7221 2.7133 0.0000 
B2R1 CR s s 12.70 8. 7 0 • S 9 • 6 3. 59.88 1 ·s. 80 .OS 9 8 .3 S 
S.0484 2.7340 .1191 .1418 12. 6 23 9 3.S229 .0103 
B2Rl CR s s 12 .71 8 ~ 9 9 0.00 .18 S9.S2 ·17.25 o-·.oo ·98.65 11~ 
5 .OS34 2 • 826 S 0.0000 .0401 12.5467 3.8451 0.0000 \ 
B2R1 CR 6 s 13.01 8. 7 2 • .• 24 · • 3 9 58.S.4 ·17.01 .10 9s·.oo 
S.2047 2.7597 .0483 .o 882 12.4206 ·3.8171 .0213 j,. 
B2Rl CR 7 11.14 8 .3 7 • S 9 .3 2 60.93 ·18.42 .10 99· .87 I') 
4.4159 2.6246 .117 9 .0710 12~8129 4 .o 982 .0211 9~ .oo B2R1 CR 8 1 12 .o 9 . 8. 31 .11 • 3 3 S9.6S 17.40 .11 
"' 4.8657 2. 6 43 0. .0223 .07 5 8 12.7300 3 • 9 2 81 .0247 
B2Rl CR 8 2 11~80 8 .6 4 • S 9 • 3 S 58~44 · 18.06 .11 98.00 
4. 7 46 9 2.7500 .1199 .07 90 1.2 .• -4710 4.0765 .0248 , .. 
B2L1 CR 1 1 10.59 9 .6 8 o.oo .23 S8.99 19. 6.1 • OS 99 .1S - . 
4.2260 3.0SSO 0.0000 .OS30 12 .-4900 4 ~ 3 93 o· · .0100 
B2Ll CR· 1 2 10.69 9.63 0 .oo .24 58.87 19~17 .04 98.64 
4. 2 85 0 3.0SOO 0.0000 .o sso 12.S120 4 .3 090 .0090 
,I 
\' 
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TABLE 5-1 ( CONTINUED) 
' 
ANALYSIS CODE MGO AL2()3 TI02 MNO CR203 FEO NIO To1·AL 
. 
. .. 
B2Ll CR 1 3 11.52 9.82 0.00 .2 9 S 8 .31 19.72 • 05 99. 71 
4.5610 3.0740·· 0.0000 .0640 12.2470 4. 3 820 .0110 
B2Ll CR .1 4 11.45 10.16 o.oo .17 S9.03 19.45 .0.6 100.32 
4.4950 3.1SSO 0.0000 .03 80 12 .2910 4 .2 840 .0140 
B2Ll CR 2 1 11. 7 8 11.00 o.oo .17 S8.96 19.26 • 01 101.18 
·4.5620 3 • 3 6 80 0.0000 .03 80 12 .10 80 4 .1830 .0030 
B2Ll CR 2 2 11. 0 8 9.46 o.oo .2 8 5 8. 83 18.82 ~10 98.57 
4 .• 4410 2.99SO 0.0000 .0640 12.5010 4.2300 .• 0210 
'• 
·!' B2Ll CR 2 3 10.45 9. 7 2 .07 .41 59.01 19.87 .22 99. 7 5 
4 .1S39 3.0549 .013 9 .o 922 12.4424 · 4 .4321 .0466 
~ B2L1 CR 3 s 11.62 9.89 .10 ·.3 2 61.20 17.70 o.oo 100.82 
.,:a.. 4.5227 3.0410 .0190 .0697 12.6292 3 .8627- 0.0000 
B2L1 CR 3 s 11.76 10 .o 9 .04. .31 60.81 17.86 o.oo 100.87 
4 • S 6 97 3.1012 .0080 .06 84 12.5326 3.8937 0.0000 
B2L1 CR 4 9.91 9.26 .47 .3 8 59.21 21 .18 .07 100.48 
A 3.93S2 2.9066 .0·943 .O 8S3 12.4654 . 4.7166 .0146 
B2L1 CR 5 s 13.35 10.31 .11 .46 60 •. 51 1S.8S ~~t)"'(j, 100.66 
S .14 81 ·3.1408 .0223 .1008 12·.3693 3.4268 .0131 
B2L1 c·R 6 s 13.37 10.19 • 7 2 .42 S9.91 1S.39 .• 12 100.13 
S.1699 3 .114·9 .13 98 · .0916 12.2817 3 .336S. .02S 8 
B2·L1 CR 7 s 13.47 9 .. 96 .3 6 .3 S 60.84 15.43 .04 100 .44 , 
S,.1991 3 • 0 3 82 .06 92 .07 61 12.4522 3.3399 .0088 
) .. B2L1 CR 8 s 1-3 • 2 6 9. 6 9 · .23 .2S 60 .31 15.10 .04 98.88 
,-:S.2012 3.0032 .0461 • 0 s.s 4 12.5424 3.3221 .0091 
B2R2 CR 1 10. 7 0 9. 7 0 .o.oo .2 S S 8. 7 3 18.83· .o 8 98.29' . 
4. 2 980 3. 0 80 0 0 .0000. .OS60 12.5100 4.2430 • 0-170 
. . . 
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•. TABLE 5 .. 1 ( CONTINUED) ·:tS. 
, 
ANALYSIS CODE MGO · AL203 TI02 )INO CR203 FEO NIO TOTAL 
• 
- B2R2 CR 2 11.27 9.27 O·. 00 .3 6 S9.60 18 .05 0. 00 . 98 .56 
.. 4.S072i 2.9309 0.0000 .o 816 12 •. 6419· 4.0·S04 0.0000 
B2R2 CR 3 10.76 8~90 .23 • 20 S9.S3 19.31 .13 99.07-- . 
4 • 3 0 83 2. 817 0 .046 9 .o 46 5 12.6393 4 •. 3 3 7 4 .027 8 ' 
B2R2 CR.4 10.73 9.6S .12 .3 S 60.23 18,.42 .03 99.S2 
_<:, 4.2Sll 3.0242 .0230 .077 8 12~6S12 4.0956 .005 8 
B2R2 CR s 13.02 ·11.01 o.oo • 3 2 60.11 16.09 .02 100.57 
5.0148 3.3517 0.0000 .0698 12~2728 3.4736 .003 S 
B2R2 CR 6 s 12.90 ·11.03 .84 ~3 9. S7.82 ·15.42 .10 98 .49 
S.0492 3.4126 .1660 .o 867 12.0039 3 • 3 85 0 .0207 
w B2lt2 CR 7. s 13.15 ·11.23 ~ 7.2 .21. 59.60 ·1S~94· .o 8 100.94 
'" 5.0272 3 • 3 93 'i .13 88 .·0448 12 .o si1 3 • 4183 .017 0 
B2R2 CR 8 ·s 13.26 ·11~37 ~23 .2 9 .58.66· ·lS.47 .10 99 .3 9 
' I S.1425 3 • 4 83 6 .04S 8 .0640 12 .-0592 3.3644 .0216 
:,;s. 
B2lt2 CR 9 s 12.86 · 10. 7 4 "7 2 ~3 8 S9.64 ·15~77 .02 100.12 
4. 9 6 89 3 .2 813 .13 93 .o 824 12.21.80 3.4161 .0034 
B2L3 CR 1 9~04 . 8 ,97 o.oo .s 8 . 5.7 • 0·2 ·22.53 o.oo 98.1S 
3.7101 2.9094 0.0000 .1349 12.4031 5 .1846 ·0.0000 
B2L3 CR 2 9 .,03 9.SS .83 .3 6 S6.94 23.03 .OS 99 .19 
3 • 6 297 3.0344 .167 3 .o 813 12.1·325 5 .190 8 .0114 
B2L3 CR 3 .. .--· 10 ~ 83 · · 8. 84 0~00 · .--47 57 -~ 8 20~29 .os .9 8 .4S 
.4.3791 2. 827 '9·. 0.0000 .107 9 12.4368 4.6029 .0115 
i 
. 
B2L3 CR 4 s 11.80 9.41 .s 9 · .2 8 59.44 17.92 o.oo 99.43 
; 
,,. 
I 4. 6 57 9 _2.9361 .117 9 · .063 8 12.44S4 3 • 9 6 87 0.0000 
B2L3 Cit s s ·13 • 41 9.94 .3 6 , 21 S8e86 ·1S~26 .• 14 98.17 
5. 2 883 ~3 .0982 .0711 .0460 12.3120 3.3761 .030S 
. 
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TABLE 5-1 ( CONTINUED) .. 
. 
AN ALYS IS. CODE MGO AL203 TI02 MNO CR203 FEO NIO TOTAL 
. 
B2L3 CR 6 s 13.39 9.63 .11 .42 58.90 16.56 .2 7 99·.2 8 
. 
5 .2609, 2.9913 .022S .o 931 12.2707 3.6SOO .OS6 4 
. B2L3 CR 7 s 13~13 9.77 • 3 S ~19 6 0. 3·5 ·16.21 .2 8 100.30 
5. 0 980 2.9991 .0694 .042 8 12~4212 3.5296 .0588 
B2R4 CR 1 10.87 8.51 ~ 21 .44 61.06 · 18.S9- .02 99.69 
4.3247 2.61SS .0413 .1005 12 ~ 8 82 9 4 .14·87 .0043 
B2R4 9.91 9·. 94 .·12 · .2 7 S9.2S 
' 20.SO .07 100.07 CR ·2 
3.9341 3.1172 · .0248 .0607 1.2. 46 6 9 4.5618 .0161 
B2.R4 CR 3 s · 12. ~63 8 .42. I o.oo ~2 4 61~80 16~13 .14 99 .36 
4. 9 86 0 2.6299 0.0000 .OS31 12~941--4 3 • S 1·3 S .0289 
w B2R4 CR 4 s 11.89 8.82 .S1 .2 S . . 60.49 · 17. 8.6 .07 '99.96 
c,, 4. 6 842 2. 7 44 9 .1140 .0560 12.63'40 3.9460 .0159 
... 'I:': 
B2R4 CR s s 12.78 8 .1.0 o.oo • 3 3 62~49 16.40 . .02 100.72 
4.9741 2.6160 o. o ooo· .0731~ 12~9005 3 • 5 819 .004S .. . ' 
B2L5 CR 1 9 ~so . 9.01 .4 8 .3 7 S 8 .40 ·21.88 0 .oo 99 .,s . . . • .-f • 
3.8194 2.8640 • 0 96.3. .Q84 8 12.4480 4. 9 3·3 6 0.0000 
B2L5 CR 2 10.26 9 ~1.S .24- .. .·43 S 8 .46 19~88 o.oo 98.40 .. ; " 
i2.5209 4 •. 145"9 2. 914.9 .0480 .0982 4 .5047 · 0.0000 
B2L5 CR 3 8 12 .··13 9.51 .19 .3 0 60,43 17.82 .10 100. 4 8 
4. 7 407 2.9377 .0367 .067~ ·12~5227 3 .• 9057 .0207 
B2LS CR 4· s 11.90 9 ~ 3 9 o.oo ~ 5 ~,,, 6 o·. 9 o . · 18.11 .07 100.96 .., 
4.6420 2.8952 0 •. 0000 .1318 12~6015 1 3.9642 .0153 
B2LS CR 5 :s 11.22 9 .3 8 o.oo .21 60.46 ·18~93 .11 ·100.31 
4. 4182 2.9217 0.0000 .0460 12 ~ 6 30,0 4 .1823 .0242 
,, S 8 ~ 6·:2 B2R6 CR 1 11 .• 23 10.67 .23 .26 19 .S3 · .OS 100.60 
4.3887 . 3 .2977 .045 8 .OS 82 12.1474 4. 2 814 .0110 
--~ 
P-., 'I . " 
0 
I. 
\. ~ .. 'r· ' 
'-!, 
·-' 
~·I ' 
. t 
.. 
•· 
,.· 
TABLE 5-1 ( CONTINUED) 
ANALYSIS CODE~ MGO AL203 TI02 MNO CR203 FEO NIU TO.TAL 
)., 
'I 
r.\ 
\. B2R6 CR 2 10.90 10 .42 o.oo ~ 3 6 58.09 19.67 .13 99. S 8 
4~3194 3.2640 0.0000 .O 80S 12.2022 4. 3 7 07 • 0·2 85 
B2R6 CR 3 ·s 13.99 ·11~06 • 2 4 o.oo 60.19 1S .O 9 .11 100.67 
• S. 3 443 3 • 3 42 0 .04S6 0.0000 12~1955 3.2333 .023 S I 
B2R6 CR 4 s 14.11 ·10.60 .14 . • 3 3 S 9 ~ 9··7 ·14~92 o.oo 100.07 
So4357 3.2265 .0280 .0729 12.2474 3.2229· 0.0000 
B2R6 CR s s· 13 -.97 9.67 0 .00, • 0 9 63.41 ·14.40 .07 101.61 
S .• 3 200 2.9115 0.0000 .0201 12;8016 3.0746 .0140 
... 
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TABLE 5-2 
ELECTRON MICROPROBE ANALYSES OF DISSEMINATED AND SEGREJ,ATHD CHROMITE GRAINS 
BODY 3, LEVEL 716 
ANALYSIS CODE MGO AL203 TI02 MNO CR203 FEO NIO TOTAi,. 
B3Rl CR 1 1 11.84 -~ 10.02 . 2 7 • 3 2 62.06 16. 7 0 o.oo 101.21 
4.S10S 3.0573 .0517 • 07 08 12.7018 3. 6151· 0.0000· 
B3Rl CR 1 2 11.18 9.84 .2 9 .14 62. 7 5 · 17 .69 .03 101.94 
4.3059 2.9963 • 056 9 .0317 12.8153 3.8225 .007 2 
B3R1 j,CR 2 s 13.04 10.55 e 6 0 .18 60.11 14.86 .o 9 99.43 
S.0619 3.2367 .1166 .0395 12.3702 3.2349 .0186 
B3R1 CR 3 s 13.07 9.56 • 60 • 3 2 61.25 15.05 .03 99.88 
S. 07 91 2.9355 .1167 .07 04 12.6174 3 • ~ 803 .0057 
B3R1 CR 4 s 13.14 10.31 • 6 0 .23 61.53 15 .18 .19 101.17 
!S.0251 3 .1186 .1152 .0502 12.4796 3.2561 .03 93 
B3R1 CR. s s · ·1 ·1 • 9 0 9.60 .23 .43 60. 7 4. 17.36 o.oo 100.27 
4 • 6 S3 6 2.9690 .0461 .09S6 12.S969 3 • 8 0 82 0.0000 
B3Rl CR 6 s 13 .1·0 10.74 o.oo .26 S9 .3 4 16.29 .2S 99 .9 8 
;\, 
S. 0 82 2 3 .2 9SO 0.0000 .OS 80 12.211s 3.~4S3 .OS31 
B3L2 CR 1 s 13.06 10 .18 • 31 .26 6·0. 3 9 14.69 .17 99.01 
s.·0995 3 .142 9 .0608 .osso.12.so11 3.2177 .OSS6 
B3L2 CR 2 11.57 10.16 .10 .2 2 -60.64 17.80 · .09 100. 5 8 
4.50·93 3.1309 .0191 .0487 12 • S 3 1-!f' 3.8901 .0179· 
B3L2 CR ·3 10.76 9.98 · .1 S .3 2 61.3 6 18.27 o·.oo i''00.85 
4.1982 3 • 0 80 S .0300 .0713 12.6988 3.9999 0.0000 
B3R3 CR 1 s 13.34 10.44 .12 .2 S . S9.90 15.14 .13 . 99 .32 
5 .19S 8 3.2122 .0229 .OS53 12.3660 3.3.060 .0283 
·B3R3 CR 2 11.31. 10.54 o.oo • 21 S9.02 20.23 ¥-. ,. .12 101.42 i 
4.3984 3 ~2397 0.0000 .04SS 12.1715 ·4 • 4 1· 2 8 · --" .0249 
B3R3 . CR 3 . 11.65 9.81 o.oo .3 2 60 .10 19.01 o.oo 100.89 
4.S491 3. 0 2 82 0.0000 .07 02 12 .44.7 4 4.1651 0.0000 
. ' . 
~ .. 
' 
. 
w 
CD 
ANALYSIS CODE 
B3R3 CR 4 s 
B3R3 CR s s 
B3L4 CR 1 1 
B3L4 CR 1 2 
B3L4 CR -2 
B3L4 CK 3 
B3.L4 CR 4 s 
B3L4 CR s ·S 
B3RS CR 1 1 
B3RS CR 1 2 
B3RS CR 2 1 
B3RS CR 2 2 
B3R5 CR 3 1 
l ' 
MGO 
13.75 
S • 3 90 5 
13 ~ 7 2 
5.3198 
()10.46 
4.1145 
10 .31 
4.0619 
9.93 
3.9SS8 
·11.31 
4. 4 0~3 9 
12.96 
S.1426 
12 •. 7 3 
4.91SO 
11.81 
--4 • S 91 S 
12.06 
4. 7 S42 
11.37 
4.4171 
10 .• 7 4 
4.1777 
J.1.27 
4.4799. 
• 
TABLE 5-2 ( CONTINUED) 
AL203 TI02 !INO CR203 FEO NIO TOT.AL 
9.52 0.00 • 3 0 60.11 15.21 .o 9 98 .99 
' 
2.9524 0.0000 .067 6 12~4981 3 • 3 4S 8 .0187 
9. 85 · • S 9 .25 60 .3 9 ·14.82 • 0 9 99.71 
3 .017:7 .1157 .0549 12~4156 3 • 2 2:1·, .0196 
9·~ 7 2 o.oo • 3 6 S8.SO 2·.2 .• S1 ·• 03 101. S 8 
3.0206 0.0000 • 0 80 8 12 .19·91 4.9663 .007 2 
9.63 .12 • 26 S9~66 20.81 .14 100.93 
3.0003 · • 0 24 8 .o 57 8 12.4668 4 • S 9 93 .0291 
8.86 .14 . • 3 9 S9.91 21.07 .04 100.39 
2 • 7 89 8 .0283 • 0 87 2 12.66S-9 4 • 7 06 4 .oo 89 
10.02 o.oo • Sl S9~80 19 .7·3 .11 101.49 
3 • 0 84 8 0.0000 .113 2 12.3471 4. 3 o·;g7 .0237 
9.64 o.oo .21 5 8. 7 3 16. 7.4 .OS ·9 8. 3 3 
3.0247 0.0000 • 046 S 12.3579 . 3.7252 .0103 
~· 
9.54 o.oo .3 6 60.16 19 .19 o.oo 101.98 
2.9111' 0 .0000· .o 800 12~3192 4 .1S72 0 .0000 . 
9.90 .12 • 3 2 60.07 18. 80 • 0 S 101.07 
3.0475 .0229 .07 08 12~3984 4.1041 .0114 
9.20 • 60 .3 8 S9~29 18 .16 .07 99. 7 S 
·2.8676 .1186 .o 844 12.3941 4.01SS .0146 
9 ~37. .04 .2S 61 ~32 19 .45 o.oo 101.80 
.2 .8710 ·.40079 .0541 12~6370 4 .2'406 0.0000 
9.95 .18 .• 3 0 . 5.9-. 7 9 · -20.85 , .17 101.98 
' 
3.0613 .03 53 .0669 12.3370 4.5507 .0349 
9~44 ~ 11 ~41· 5 8 ~04 20.44 .07 99.77 
2 .-9 6 6 9 . .0227 .0927 12.2373 ·4.SS94 .0146 
t 
.,. 
TABLE 5-2 ( CONTINUED) 
ANALYSIS CODE MGO AL203 TI02 MNO CR203 FEO NIO 
B3RS CR 3 2 7.18 4.08 o.oo .53 S 9. 12 29.91 .11 101.53 
2.9969 1 • 3 461 0 .'0000 .1262 13 • 2190 ··r 7.0032 .0244 
B3R5 CR 3 3 7.10 2.S6 . 0. 00 .3 5 · S8.80 ·, 29.71 .13 98.64 
3.0774 • 87 57 0.0000 .o 867 13.5120 7 -~·-2 2 26 .0300 -- -
B3RS CR 4 1 10.97 9.96 ·.4 8 • 31 58.17 19.94 .04 99.86 
4 ~ 3 3 91 3.1136 .0 9S3 .06 86 12.1988 4.4226 .oo~o 
B3R5 CR 4 2 S. S 8 3.81 0.00 .24 62.88 2S.S3 o.oo 98.
04 
.. 
2.3957- 1. 2 912 0. 0·000 .o 593 14.3084 6 .143 9 0.0000 
. B3RS CR s s 12.91 9·. 81 0.00 • 31 60. 6 8 17.63 .02 
101.37 
4. 9 843 2. 9 941 0.0000 · .0676 12.4217 3. 8183 .0046 
~ B3RS CR 6 1. 10.81 10.85 • 26 · .4 5 5 6. 2·1 22 .3 S
 .04 100.97 
0 4.2459 3 • 3 6 94 .OS2l .o 994 11.-707 2 4.9250 .0090 
B3RS CR 6 2 11.25 · 9. 03 .47 .S1 61.06 19.14 .OS 101.56 
4. 3 83 8 2. 7 823 .o 933 .1258 12.6227 4 .185 0 .0097 
B3R5 CR 7 1 10.1~~ 7.29 .·11 .66 52.94 2 8. 6 3 .06 
9 9. 8 3· 
4.2062 2.3776 .0236 .1548 11. 5 8 83 6.6284 .0128 
B3RS CR 7 2 11.74 9. 5 8 .10 .26 61.2 8 18. 7 8 o.oo 
101.73 
4 .5 46 0 2.9326 . GI O 190 .OS78 12.5856 4 .07 93 0.0000 
B3L6 CR 1 s 12.74 9.46 .4 8 .23 61.81 15.74 .06 100.Sl 
' 
... 
4.93SO 2. 8 97 0 .o 953 .osoo 12 .6983 3.4203 .0132 
B3L6 CR 2 s 13.03 10.13 o.oo • 6 o· 60 .3 2 16.51 .11 100.71
 
S.0431 3 .0997 0.0000 .1314 12.3782 3. S 83 8 .0227 I ~ 
B3L6 CR 3 s 12 .-8 3 10.31 .12 .3 2 61.01 16.57 .07 
101.22 
4.9355 3'.1329 .022S .0696 12.4409 3.5739 .013 8 
B3L6 CR 4 s 1i.91 10. 3 8 • 3 2 .· .40 61.88' 16.05 o.oo 101.94 
4.9200 3 .1257 .0618 .o 861 12.5010 3.4288 0.0000 
TABLE 5-2 ( CONTINUED) 
ANALis1s CODE MGO AL203 TI02 MNO CR203 FEO NIO TOTAL 
B3L6 CR 5 10.89 9.33 .47 .o 9 5 9 .52 19 .04 .02 99.37 
! ! 4. 3 2 82 2.9324 .o 951 .0213 12.5411 4. 2 43 9 · · ~0046 
B3R7 CR 1 1 9. 6 8 9.30 • 01 .3 7 60.0S 20. S 8 .03 100.02 
3.8579 2.9308 .0026 • 0 83 7 12.6966 4.6032 .00"/ 3 
B3R7 ~R 1 2 10.02 9.50 .18 .40 60.67 20.94 0.00 101 • 7 1 - J' 
3.9235 2.9421 .03 ss .o 891 12.6015 4.S99S ·o .0000 
. ~ B3R7 CR 2 1 10.76 9. 3 8 • 26 • 3 3 59.54 20.14 .11 100.51 
.4.2475 2.9270 .0518 .07 46 12.4657 4.4612 .0224 
B3R7 CR 2 2 11.02 9.60 .1 S .46 60 .3 S 19 .64 .• 07 101.30 
4 • 3 07 1 2 .• 9 6 57 .,0301 .1020 12.so~s 4.3051 .0157 
~ B3R7 CR 3 s 13.60 10.18 o.oo • 3 3 59.Sl 15.09 .04 98.75 
~ S. 3 26 3 3.1S33 0.0000 .07 41 12.3625 3.3164 .0080 
B3R7 CR 4 s 13.76 10.58 o.oo .2 9 60.67 1S.32 • 0 S 100.67 
S. 2 83 2 3.2120 0.0000 .0622 12.3SOS 3.2984 .0109 
· B3R7 CR '5 s 14.04 10.59 • 3 6 .15 62.26 14.25 • 0 8 101 • 7 2 
5.3107 3.1665 .06 83 .0326 12 .4 86 9 3 .022.4 .0160' 
B3R7 CK 6 1 11.45 9 "83 o.oo .3 S -58.30 19. 97 • 04 99.94 
4.5301 3.0726 0.0000 .077 8 12.2280 4.4305 .0090 
B3R7 CR 6 2 . 11.51 9.92 0.00 .3 4 59.96 · 19.62 .06 101.41 
4 • 4 80 6 3-.0528 0.0000 .07 54 12.3771 4. 2 843 .0132 
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TABLE 5-3 
ELECTRON MICROPROBE ANALYSES OF DISSEMINATED AND SEGREGATED CHROMITE GRAINS 
BODY S, LEVEL 716 
ANALYSIS CODE . MGO AL203 TI02 MNO - CR203 FEO . NIO TOTAL 
BSRl CR 1 1 11.21 10.20 .21 .40 ·'S8.96 20.24 0.00 101.22 
4.3153 3 .147 4 .0413 .o 889 12.2003 4.4300 0.0000 
BSRl CR 1 2 10.87 -10 .19 .1 S .42 S8.43 21.25 .07 101.37 
4. 2 S3 S 3.1514 .0293 .o 931 12.1254 4.6634 .0146 
BSRl CR 1 3 10.70 10.09 .15 • 3 3 56.36 21.28 • 91 99.83 
4.2656 ·3.1813 .0302 .07 47 11.9135 4.7593 .196 2 
BSRl CR 1 4 9.77 10.07 .15 • 3 9 57.SO ·2.1.99 .14 100.01 
3.8975 3 .17 47 .0302 .o 881 12.1601 4.9204 .0299 
BSRl CR 1 s 10.83 10.13 .16 .3 6 S9.04 20.39 .03 100.95 
4.2461 3.1399 .03 26 • 07 92 12. 2 71_9 4 • 4 83 O .007 3 
BSRl CR 2 s 12.52 10.56 .2 4 • 2 8 S8.88 18 .3 2 .07 100.87 
4.8522 3.2341 .047 2 .0613 12 •. 0954 3 • 9 818 .Ol 45 
BSRl CR 3 ·1 11.67 10 .18 .06 .3 4 S9.64 19.60 0.00 101.49 
4 • S 2 91 3.1233 .0118 .07 57 12.2777 4 •. 2 6 84 0.0000 
BSRl CR 3 2 10.97 10.16 .1 S .3 6 S9.20 20 .3 9 o.oo 101.23 
4. 2 s·s 8 3·.1388 .0296 .o 805 12.2648 4.4676 0.0000 
BSRl CR 4 1 ;It~ 11.15 9 .. 97 .14 .29 S9.88 19.73 .07 101. 2 S 
4. 3·49 8 3.0760 .0280 .0653 12.3864 4. 3181 .0156 
BSRl CR 4 2 11.18 10.12 .10 .··3 7 .59.87 19.92 .06 101.63 
4 • 3 44 8 3.1106 .0206 .o 80 8 12 .• 3397 4. 3 42 8 .013 S 
BSRl CR s s 12.06 ·10. 00 .18 .4 8 S 8. 7 4 19.21 .01 100.68 
4.713S 3.0899 .03 56 .1063 12.1727 4.2104 .0031 
BSL2 CR 1 10.57 10.54 .17 .44 S6.S9 23.04 . · .OS 101. 3 9 
4.1S33 3.2728 .032 8 .o 97 S 11-.7897 S.0778 .0105 
' 
BSL2 CR 2 s 12.23· . 10.03 .12 • 3 8. s8:·.S4 19.73 .03 101. 0·8 
4. 7 67 8 3. 0 883 .0237 .o 85 2 12 .0.966 4. 313 5 .0073 
I 
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TABLE 5-3 ( CONTINUED) 
ANAL YS I'S CODE MGO AL203 TI02 MNO CR203 FEO NIO 1) 
BSL2 CR 3 1 10. 7 8 9. 6 8 . 016 • 2 9 S 8. 0 9 21.38 • 0 8
 100.45 
4~2671 3 • o 2 s·, .03 29 .06!50 12.1948 4. 7.483 .016 9 
BSL2 CR 3 2 10.67 9.SS .1 ~; .41 59.21 20.84 
.13 100.97 
4.2038 2.9732 .03 06 .0 92S 12.3661 4.6036 • 02 8S 
BSL2 CR 3 3 10. 7 7 10.19 .14 · .4 S 57 .18 .. 20. 8 9 
.13 99 .• 7 5 
4.2796 3.2013 • 0 0 271 .1014 12.0501 4. 6 S14 .0288 
BSL2 CR 4 10 .o 9 9.85 .13 • 3 7 57.97 21.76 .
04 100.22 
4 .• 0135 3 • 0 95 8 • 0271 .o 83 8 12.2264 4.8SS3 .008S 
B5L2 CR s 1 11.62 10.30 .12 .17 S8.99 20.24 
.06 101.49 
4.5134 3.1638 .o 23 6 .03 6 S 12.1539 4.4112 .013 S 
~ BSL2 CR s 2 11.37 10.46 .18 .41 
5 8 .1 S 20.42 .07 101.06 
e,.., 4.4394 3.2300 .03 S6 .0906 12.0419 4.473S .0157 
BSR3 CR 1 s 12.SS 10.33 · • 23 • 31 S 9. 7 8 18 .23 
.04 101.46 
_ ... 
4.8394 3 .1483 .0440 .061 S 12.2209 3.9414 • o o·s2 
B5R3 CR 1 s 11.18 9.76 .17 • 2 8 60.15 19 .03 
.• 02 101.20 
4 • S 84 7 3.0027 .03 36 .062"9 12.4140 4 .153 S .OOS2 
BSR3 CR .2 s 12 .26 10 .4 9 .11 .26 S8.9S 1·7 .1
 S 0.00 99.20 
..... 
4.81S4 3.2S65 .0209 .OS 81 12. 2 80 2 3 • 7 7 81 0.0000 
BSR3 CR 3 s 13.SS 10.62 • 3 0 .16 59.29 16.16 
· · .03 100.12 
t .. S. 2 3 84 3.24SS .0590 .03 S3 12.1521 3.S030 .007 3 
BSR3 CR 4 s 12 .4 9 10.47 .26 .40 S7.S7 17.96' 
· 0 .oo 99.1S 
.4.919S 3 • 2 S 81 .0510 .0901 12. 0 21'7 3.9662 0.0000 
.. 
B5R3 CR 4 s 12.23 10.47 .21 • 22 58.S9 16.61 
.03 98.37 
4.8353· 3. 2 7 41 .0422 .0493 1i. 2 843 3. 6 844 • 0 07.'.4 
B_SL4 CR 1 s 14 .27 10. 3 6 .14 .19 S9.88 1 S .1 S 
· .11 100.09 
S.S022 3 .157 3 .0271 .0415 12.2433 3.2758 .0237 
I 
I 
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TABLE 5-3(CONTINUED) 
r,•• 
ANAI-YS IS CODE MGO AL203 TI02 MNO CR203 FEO NIO TOTAL 
_,, 
B5L4 CR 1 s 13.29 8 .s 9 .2 9 • 3 4 61. 6 8 1.5 • 5 7 .01 99. 7 8 
S.2009 2. 6 57 8 • 0 56 3 .07 62 12.8002 3 ~ 4187 .0030 
B5L4 CR 1 s 13.73 9.41 • 0 8 .22 61.77 15.75 .06 101.02 
5.2883 2.8649 .0146 .0481 12.6148 3.4011 .• 0123 
BSL4 CR 2 s 14.27 10.69 .1 S .20 S9.00 15.41 · .02 99. 7 5 
5.5151 3.2666 .029S .043 0 12. 0 90 9 3 • 3 412 .0041 
BSL4 CR 2 s 14.01 10.66 .0·4 .23 S 8. 6 9 1S.S4 .o 9 99 .26 
5.4485 3.2779 .oo 88 .o 510 12.1040 3 • 3 89 8 .0187 
BSL4 CR 3 ·2 . 8. 7 7 6.73 .07 • 4 8 60.76 24.01 .1 o· 100.93 
3. S 53 9 2.15.50 .0151 .ll16 13.0591 S • 4 S 89 .0225 
~ BSL4 CR 3 1 10.43 9 .-,13 .13 • 3 6 60.07 21.62 .04, 101 ~ 7 9 ~ 
4.0940 2.8337 .0266 .o 813 12.5009 .4.7597 .0083 
BSRS CR 1 1 12.46 10.04 .16 .26 59.51 18.80 .o 8 :iOl.32 
4.8282 3.0738 .03 22 .OS71 12.2242 4. 0 841 .017 5 
. 
BSRS CR 1 2 11.83 9.69 .1 8· .2 7 S9.S1 ,18. 3 4 .o 9 9 9-. 9 7 
4.6S20 3.0112 ,4 0 3 57 .06·06 12.4213 4.0458 .0199 
B5RS CR. 1 3 11.60 9 .22 .07 .2 8 .. 5·9 .49 19.6S .09 100.40 7 4".5720 2. 8 7 43 .0148 .0619 12.4394 4 .-3 4, 4 .0188 
B5R5 CR 2 s '13.95 10.56 .17 .27 60 .3 9 15 .2 8 .10 100. 71 
S .3485 - 3 .2001 . • 03 20 .OS 81 12. 2 804 3 • 2 85 4 .0215 
BSRS CR 3 11.45 10.30 .27 .2 8 57.80 18 .4 8 .OS 98 .63 
4.5546 3 • 2 3 80 .OS43 .0627 12.1886 4.1209 .0116 
9.63 .12 - .3 0 5 8 .71 18 .. , 4 
r;.,. 
.04 99. 7 8 BSRS CR 4 12.24 
4.8252 3.0014 .023 9 • 067 4 12.2702 4.1423 .0084 . 
C;, B5R5 CR s s 13.21 10.46 .14 \. ·• 2-1 60.23 16 .·93 .02 101.19 I 
,. S. 01 S6 3.1767 .0263 .0452 12.2713 3.6489 .0041 
r 
0 \ . 
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TABLE 5-3(CONTINUED) 
ANALYSIS CODE MGO AL203 TI02 MNO CR203 
FEO - NIO -TOTAL 
'· 
B5R5 CR 6 s 13.01 10.21 .15 .20 60. 9 8 
16.52 .04 101.13· 
5.0058 3.1050 • O 3 Q 9.~ .0444 12. 43 80 3.5649 .0090 • 
BSL6 CR 1 1 11 • 0·1 9.81 
.. 
.18 .3 4 57.85 19.45 .o 2 98.67 
(lo• 
4.4079 3.1027 .03 67 .077 8 12.2767 4.3658 .0042 
B5L6 CR 1 2 11.46 10.23 .21 • 3 4 57.71 
19.03 o.oo 9 8 ~ 9l8 -. ' 
4. 5 514 3.2111 .0421 .077 4 12.1539 4.2379 0.0000 
B5L6 CR 2 1 11.42 10.88 .06 .3 4 56.99 
19.23 o.oo 98.91 
4.5273 3.4113 .0120 .077 2 11.9842 4.2767 0.0000 . ---
BSL6 CR 2 2 11.48 10.20 .17 • 21 S6. 7 8 
19.31 .07 98.21 
4. S 96 8 3.2310 .03 3 4 • 0 4 6 9 · 12 • 0 S 8 s .. 4.3378 .0160 
~9.16 
~ B5L6· CR 2 3 11.01 10 .3 0 .21 • 3 7 S6.71 
20.ss .01 
c;..,, 
4. 3 86 6 3.2454 .0422 .0828 1•·.9864 4. 5 93 7 .0031 
BSL6 CR 2 4 10.72 10.33 .07 .3 4 S 9 .1 S 
19.68 • () 8 100.36 
4.2149 3.2108 .0148 .• 07 51 12.3367 4.3410 .0167 
BSL6 CR 3 10.37 9. 14 .21 • 2 9 
·s s ~ ~ (;. 22. 9.5 .o 9 101. 9 9 • ., w 
• 4. 0 6 6.4 3 • 0187 .0414 .06S4 .12 .1267 S.0468 
• 0188 
B5R7 CR 1 10.,,. 0 8 9 .3 6 .12 .4S 
S7-.98. 23.90 .06 101.96 
·3.9752 2.9198 .0234 .1014 12 .1293 S. 2 87 8 .0136 · 
B5.R7 CR 2 11.19 9. 7 9 .17 .3 8 S 8 .4 9 
21.27 o.oo 101.28 
4.3853 . ·3 • 03 .. 3 3 . · .·03 26 .o 844 1.2.1585 4.6758 o.oouo 
•. 
B5R7 CR 3 s 12.42 9.75 .10 .24 60.
20 16 .3 8 0 .oo. 99 .o 9 
:, 4.8900 3.0349 ·.0193 .OS2 8 12.5660 3 .6157 0.0000,, 
·-~ ~ 
c,) ,-,• ~ ,, 
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TABLE 5·-4 
ELECTRON MICROPROBE ANALYSES OF\DISSEMINATED AND SEGREGATED CHROMITE GRAINS 
BODY 5, LEVEL 736 
.. 
---~ 
ANALYSIS CODE MGO AL203 TI02 MNO CR203 FEO NIO TOTAL 
B5Rl CR 1 s 13.86 10.61 . 2 9 .2 2 60.09 15. 7 9 .o 9 100.94 
5 .307 5 3.2127 • 0 561 .047 8 12.2019 3.3913 · • 01 ·, 9 
B5R1 CR 2 s 13.96 11.26 • 3 4 • 3 0 59.45 !S.60 .20 101.10 
5.3208 3 • 3 911 .06 59 .0646 12.0138 3.3340 .0402 
BSRl CR 3 s 12.30 10.20 .07 • 3 4 S 8 .43 17.94 .07 9.9.35 
4.8437 3.1769 .013 S .0751 12.205S 3.9639 .0151 
BSRl CR 4 s 12.86 10. 71 .21 .3 2 59.16 15.09 .04 9 8 .3 8 
s,,0492 3.3241 .0420 .0709 12.3178 3 • 3 23 0 .008S 
B5Rl CR 4 s 12.29 9. s·5- .18 .3 2 61.lS 14.65 0.00 98 .15 
4.8664 2.9890 .0361 .07 26 12.8336 3.2S33 0.0000 
BSRl CR 5 1 11. 3 9 10.80 .20 I • 3 0 -6 0 0 87 17.26 o.oo 100.81 
4.4090 3 • 3 06 3 .03 83 · .06 56 12.4940 3.7467 0.0000 
BSRl CR 5 2 9.77 8 It 8 9 • 3 0 .4 4 61.17 18.56 0.00 99.12 
3.9100 2. 813 9 .0606 .09~9 12.9853 4 .16 85 0.0000 
BSRl CR s 3 10.82 8. 3 2 •. 15 .2 7 63.02 19.17 .13 101.88 
4,. 2 271 2.5692 • 0 295 .o S 89 13.0488 4.1992 .0273 /,, 
BSRl CR s 4 11 a33 10.43 .19 .2 9 S 9. 10 17.26 .04 99.2S 
4.4610 3.2473 .03 86 .0652 12.4677 3.8131 • 0 0 !IS 
B5R1 CR s 5 10.92 10 .3 5 • 06 :' .14 s 1 • 9-_s 18.84 .. .OS 98 .3 S 
'. 
4.36S2 3.2717 .0121 .03 23 12. 2 8·97 4~0039 . .0107 
BSRl CR 5 6 10.67 10 .3 5 .• 0 9 • 2 5 60.52 18--1i.1 0.00 100. O·S 
4.1906 3.2118 .017 8 .o 56 6 12.5981 4.0006 0.0000 
B5R1 CR s 7 11.22 10. 7 2 .14 .2 9 S9.63 ·17.15 .0·1 99.16 
4.4168 3.33S8 .026 9 .0637 12.4469 3 • 7 871 .0031 
BSRl CR 6 9.66 9. 6 8 .1 S .41 57 .6 8 21. 3 9 o.oo 98.97 
" 3.8915 3 • O 84 2 .o3os· .0947 12.3266 4.834,8 0 . .-0000 
•1,, 
1,)·-l· ,, /. I . - ' . ., . ... 
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TABLE 5-4(£0NTINUED) 
ANALYSIS CODE MGO AL203 TI02 MNO CR203 FEO NIO TOTAL 
BSRl CR 7 s 13.70 10.19 .31 .21 60 .18 lS.83 o.oo 100 .40 
S • 2 83 6 ·3 ~1067 .OS 96 .04S1 12~3105 3.4247 0.0000 
BSRl CR: 8 s 13.47 · 10 .20 . • 0 3 .16 62.11 ·1S.93 .03 101.94 
S .1.296 3.0698 .0060 .03 S S 12~5392 3.4017 .0060 
BSRi CR 9 s 13.64 9~s, .11 • 3 3 61 .34 ·1S.62 .03 100.6S 
- . \- ' S • 2 6 89 2.9201 .0218 .07 22 12~5618 3 • 3 83 7 • 0 07 2 -
BSRl CRlO s 13~23 9.32 .11 .19 62 ~3 8 ·16.41 • 02 101.67 
S. 0 80 6 2. 82 81 ;, .0217 .0422 12~7011 3.S344 .0040 
BSRl CRll s 12.82 9.42 • 0 ,3 • 31 61.02 ·1S.-6S o .o·o 99 .3 0 
S.0286 
: 
2.9226 .0159 .06 81 12~6948 · 3~4439 ·0.0000 
~ BSL2 CR 1 1 9.11 9.64 .18 ~27 58~62 ·20.91 .10 98.83 . ~ 
3. 6 7 83 3.0764 .03 67 .0610 12.S44S 4.7336 .0207 · ;_ . 
BSL2 CR 1 2 9.11 · 10. 0 2. - • 01 ~ 3 8 58.06· 20.93 -~os 9 8. S1 
3. 6 82 8 3.2009 .0030 .o 87 9 12.4429 4.7451 .0108 
BSL2 CR 1 3 ·11.S6 ·10.00 .16 • 2 9 S9.49 18 .4 9 ~07 100.06 
4.S396 3.10SS • 0317 .06 so 12.3890 4.0737 .0148 
BSL2 CR 2 11.45 ·10·.19 .2 9 ~3 3 60.45 18. 7 7 . - .01 101.49 
4.4348 3.1205 .0560 .07 23 12~4127 4-. 07 6 S ;0031 
• 
BSL2 CR 3 .10 .26 9.71 
r .11 .• 3 8 S 8 • 6 4--- 19.70 o.oo 98.80 
4.1136 3 .07 91 .0212 .o 87 3 12.-4707 4 .43 02 0.0000 
BSL2 CR 4 9.71 9. 8~ .·12· .53 S8.13 20.45 .04 99.40 
3.8829 -3 .1072 .0242 .1194 12 .·4596 4. S 81 9 • 0 0 97 : 
'Ii BSL2 CR s 9 .2 S 7.57 .2.1 · .3 7 S9.24 21.79 .07 ~8~S0 ,: 
·387952 2.4532 .0427 .O 8S4 12.8822 S.0126 
(} .•.. 
.0166 
B5L2 CR 6 ·10~0, 8. 40 · .14 • 3 4 S9 .31 21.60 .01 - 99.81 
·"' 
4.0447 2.6662 \ .0289 .07 7 0 12.·6339 4.86,7 .0030 t . 
. \ :· . . . J_ 
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. TABLE 5-4 ( CONTINUED) 
ANALYSIS CODE MGO AL203 TI02 MNO CR203 FEO NIO 
TOTAL 
BSR3 CR 1 s 13.20 10.77 .o 8 • 3 0 60.94 14.88' 
• 0 8 . 100.26 
S. 0 84 5 3 • 2 7 "/ 7 .0147 .0667 12~4458 3.2150 .017 6 
BSR3 CR 2 s 13.13 10.63 • 3 5 • 23 61.33 ·14.60 
o.oo 100.26 
.0676 .0504 12~5101 3.1499 0.0000 
<, 
5.0494 3.2322 
B5R3 CR 3 1 12.07 9.98 .12 • 2 5 61.05 15.99 
.o 5 99.51 
4. 7 26 6 3,.,0892 i, 0 23 8 .0552 12~6748 3.5125 .0105 
B5R3 3 11.31 8.04 .20 • 3 0 62 .04 ·16.64 
o.oo 
. - 98.S3 
C·R 2 
4.S29S 2.5447 .03 94 .0690 13~1770 3 • 7 3 8S 0.0000 
BSR3 CR 3 3 11.17 8.07 ~ 15 ~ 2 9 ·62.82 ·16~96 
.07 9 9. 53· 
. 
4.436-4 2.5338 .0293 .06 56 13~2288 3 ~ 7 7 80 .0160 
~ BSR3 r:R 4 1 11.13 10.34 .15 ~ 3 2 
· 60.34 ·1,7.60 .OS 99.93 
\, . 
00 4.3629 3.2052 .0301, .0717 12~5432 3 • 8 6 96 .0115 
B5R3 CR 4 2 10~10 8.23 • 2 2 .23 61.95 ·18~14 
.o 8 98.96 
4.0544 2.6110 .0454 .o 53 5 13 .1871 4. 0 842 .0183 
BSL4 CR 1 s 12. 3 S 11.46 .1 S .18 ·60.53 16.66 
.07 101.39 
4 • 7 20 4 3.4615 • 0 2 9.,1 .03 90 12~2685 3.5714 .0144 
BSL4 CR 2 s 12.74 ·11.09 .14 • 3 0 61~56 
·15.31 .03 100.99 
4.8706 .. 3.3524 .0262 .0661 12~4851 3.2460' .0071 
B5L4 CR 3 1 1.1. 3 7. 9.45 .16 ~3 4 61.3 8 
· 16'. S 1 • 0 5 99;.33 
4. 4 8 80 2. 9 47 8 .0318 .07 6 5 12~8457 3. 6 6 82 ·.0117 
• B5L4 CR 3 2 11.36 8.02 · .21 • 3 8 64.52 ,11-~03 
.03 101 ."5.6 
1 
,.. 
·. 4.4232 2. 4 6 90 · .0412 .o 849 13~3188 3 • 7189 . • 0073 
B5L4 C.R 4 s. 12.05 10. 7 4 .20 • 2 7 ·61.80 ·16.59 
o.oo 101.66 
:4.6112 3 • 2 501- • 03 90 .0595 12~5417 3.5620 0. 000.0 . . 
B5L4 CR 5 12.62 ·11.73 -~6 .14 60.87 ·16.16· .07 
101.95 
4 • 7 26 4 3.5163 .0301 .0724 12~2369 3 .4.364 .013 3 . . 
·-
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ANALYSIS CODE 
BSRS 
BSRS 
B5L6 
BSL6 
BSL6 
B5L6 
B5L6 
BSR7 
BSR7 
B5R7 
B5L8 
BSL8 
B5L8 
CR 1 
CR 2 
CR 1 
CR 1 
CR 2 
CR 2 
CR 3 
CR 1 
CR 2 
CR 3· 
j 
CR 1 
CR 2 
CR 3 
·., 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
\ 
_I_. \· 
MGO 
· 10 • 6 8 
4 • 2 0 86 
10 .3 0 
4.0709 
13.25 
S .197 2 
12.71 
4.9949 
12.85 
5.0620 
13.09 
S.0617 
12. 9 8 
S .·0298 
13. 8 9 
S.4390 
13 • 6'6 
S e3329. 
13.74 
S • 3 4 81 
13.59 
S. 3 40 8 
13.31 
S.1222 
13.87 
S.3309 
."'·-: ·-. 
~. 
TABLE 5-4 (CONTINUED) 
AL203 
10 .3 6 
3.22SS 
10.91 
3 • 4 0 80 
10.44 
3.2372 
10.26 
·3 .187 4 
10.47 
3.2594 
10.40 
3 ·.1 7 85 
10.59 
3.2462 
10 ~ 7 8 
3.336S 
10.91 
3.3668'· 
.10. 84 
3.3366 
10.23 
3 .1787 
10.95 
3 • 3 311· 
11.12 
·.3.3789 
~= 
TI02 
• 20 
.03 90 
.23 
.O 4SO 
.14 
.026 9 
.14 
• 026 9 
.18 
.0361 
.23 
• 0443 
.17 
.03 26 
.11 
.0212 
.14 
.027 8 
.06 
.0119 
.16 
.0326 
.18 
• 03 56 
.26 
.o 500 
\ 
MNO. 
.22 
.0486 
.42 
.o 93 9 
.3 2 
.07 20 
• 21 
.047 0 
• 23 
• o.s 1 S 
.19 
.0423 
.2 8 
.0617 
• 23 
.OS03 
.23 
.o soo 
.22 
.0496 
·• 22 
.osoo 
• 2 9 
~0626 
.19 
• 040 8 
w 
' 
. . .. 
CR203 FEO 
5 9. 3 8 19.04 
12.4056 4.2069 
58.00 19.84 
12.1S57 4. 3 9 80 
S8.67 1S.99 
12 .19 82 3.S172 
59. 3 8 16.16 
12.3707 3.S614 
S8.62 16 •. 02 
12:.2456 3.S4os· 
60.11 16.35 
12.3275 3.5470 
59.77 16.26 
12.2843 3. S 3 56 
S8.1S 14.32 
12.1961 3.1442 
' 58.79 14.69 
12.1714 3.217S 
59.39 14.45 
12.2591 3.1551 
S 9. 61· 14.24 
12.4242 3 .13 81 
60.68 14.63 
12.·3934 3.1584 
60 .10. 14.29 
12.2451 3 .07 92 
u . . 
\ 
I 
.. 
NIO 
.OS 
.0096 
o.oo 
0.0000 
.02 
.0052 
.02 
.0041 
.07 
.0148 · 
o.oo 
0.0000 
• OS 
.010S 
.11 
.0236 
.17 
.0350 
.14 
.0284 
o.oo 
O·. 0 000 
~06 
.0124 
.06 
• 011 14 
99.91 . . 
99.6~ -
98.84 
98. 8 8 
98 .44 
100.36. 
100 .10 
98 .19 
98. S 8 
98.85 
9,8. 0 6 
100 .10 
99.89 
....... 
ANALYSIS CODE 
BSL8 CR 4 
BSL8 CR S 
\'J 
. ' . 
s 
s 
. MGO 
12.99 
S • 0 914 
13.91 
S • 3 85 0 
.,J 
TABLE 5-4(CONTINUED) 
AL203 
10.92 
3 • 3 841 
10.81 
3.3096 
TI02 
.3 2 
.o 6 3 0 
.1 8 
.03 S4 
MNO 
.2 2 
.o 4 86 
.21 
.0452 
CR203 
S8.92 
12.2436 
59.37 
12.1895 
FEO 
14. 97 
3. 2 90 9 
14.96 
3.2488 
NIO 
o.oo 
0.0000 
o.oo 
0.0000 
TOTAL 
9 8. 3 S 
99.43 
• 
. . 
c,, 
.... 
. 
' l 
. ' 
TABLE 5-5 
ELECTRON MICROPROBE ANALYSES OF DISSEMINATED AND SEGREGATED CHROMITE GRAINS 
BODY 6, LEVEL 736 
ANALYSIS CODE MGO AL203 rr102 MNO CR203 FEO 
NIO TOTAL 
~ 
B6R1 CR 1 s 13 .-4 9 10.69 .02 .22 S9.88 
14.89 .03 99.20 
5.2438 3. 2 846 .003 0 .0483 12.3463 3.2485 .OOS3 
B6R1 CR 2 s 13 .. 3 6 10 .·85 .26 • 3 2 61.21 
14.69 .o 9 100.78 
5.1126 3. 2 81 7 .o 497 .06 91 12.4164 3.1526 .0176 
B6R1 CR 3 s 12.93 11 .o 4 .23 • 2 S 61.00 
16.50 .02 101.98 
4.9147 3. 3183 .0453 .o s so 12.2945 3 • S 186 .0040 
B6R1 CR 4 s 12.92 11.12 .21 .40 60.27 
15.44 .o 8 100.43 
4.9700 3 • 3801 .0411 .o 87 0 12·.2941 3.3314 .0166 
B6Rl CR 4 s 13.24 10.95 .12 • 3 3 60.69 15.so .o 9 100.92 
S.0711 3.3161 .0234 • o 1 1 8. 12 • 3 2 4 9 3. 3 2 87 .o 186 
B6Rl CR. S s 13.89 .10. 81 o.oo .18 62.20 
14.68 .06 101.82 
S.25S9 3.2348 0.0000 .03 85 12.4815 3.1169 .0127 
B6R1 CR 6· s 13.63 10 .19 .60 • 3 8 60 .3 8 
1s.19· .10 100.47 
S.2464 3.1011 .1164 .o 821 12.3237 · 3 • 2 7 83 .0217 
,., B6R1 CR 7 s 13.40 9.62 o.oo .14 S9.95 15.09 
.11 98 .3 2 
S.2889 2.9992 0.0000 .03 OS 12.5437 · 3. 3 406 .0242 I 
B6R1 CR 8 s 13.65 10 .24 • 3 6 .17 60.66 
15 .4 8 • 07 100.62 
S.2498 ·3.1126 .0690 .03 61 12.3678 3. 3 3 97 .0141 
B6Rl CR 9 s 13.44 10.44 .11 .26 60.50 14.90 
.03 99 .6 8 
I 5. 2'0 94 3 .197 4 .0217 .o S 80 12.4314 3.2378 .006 8 
I 
B6R1 CRlO s 13.27 10.19' • 83. • 3 2 60.64 16.35 
.10 101.70 
"'5.0644 3.0749 .1605 .06 93 12.2733 3.5014 .0203 
B6R1 CRll s 13.19 10.46 ay.oo .3 3 60.58 16.11 .11 · 100. 7 8 
5. 0 81 7 3 .185 5 -O\,o o .0730 12.3741 3. 4 80 8 .o 236 
B6 Rl ·-,CR1 2 s 12. 7 8 ~·O. 2 7 0 •
400 • 29 60. 7 4 16.40 .04 100. S 2 
' 4.9471 3 .1.429 0.0000 .0640 12.4688 3.5621 .0077 
., 
\ 
TABLE 5-5 (CONTINUED) 
.._ 
,, 
.ANALYSIS CODE MGO AL203 TI02 MNO CR203 FEO N
IO TOTAL 
B6L3 CR 1 12.07 10.21 .1 S .27 61. 7 2 17.46 
.o 2 101. 91 
4.6330~ 3 • 0 97 6 • 0291 .O 59S 12.SS9S 3 • 7 S71 .OOS1 
B6L3 CR 2 11.64 10.44 .16 .27 60.S9 18. 0 8 
.04 101.21 
4.5030 3 .194 S .0312. . 0 S 8~ 12.4336 3.9240 .• 0083 
B6L3 CR 3 1 9.91 10 .17 • 20 .• 3 S S9.17 20.14 
.o 8 100.01 
3.9247 3 .1841 .0406 .07 94 12.4308 4.4746 • 016 0 
B6L3 CR 3 2 8.72 9.91 1 j• . :, .46 S 8 .3 9 21.96 
.02 99.62 
3.S031 3 .1472 .03 04 .1041 12.4379 4.941S .OOS4 
B6L3 CR ·4 - 1 10.21 10.45 .21 • 3 4 S9.2S 20.43 
0 .oo 100.89 
4.0035 3.2389 .o 410 .07 S9 12.3224 4.4952 0.0000 
<:.11 B6L3 CR 4 2 9 .43 · 9. S 8 
.04 .44 S7.59 21.00 .06 98.3S · 
~ 3. 82 82 3.0713 • 0 0 9.2 .1009 12.4334 4.7796 .0141 
', f. 
,.. B6L3 CR s s 12.09 10s16 .o 8 .40 60.81 17.10 
• 0 8 100.71 
4. 6 910 3~1170 .0147 .o 890 12 .. 5152 3.·7229 ;017 8 
B6L3 CR 6 l 10.92 10.21 • 21 . .24 . 6 0 .'2 8 · 18 .1
3 .14 100.13 
4. 2 82 9 3.1669 .0417 .O S2S 12.5406 3.9887 .0296 
B6L3 CR 6 2 10.47 10 .18 .1 S • 3 0 61.30 19.21 
0 .oo ·101.61 
4.0674 3.1249 .0294 .066 8 12.6229 4 .183 7 0.0000 
B6RS CR 1 11.54 10. 7 9 .14 .24 60. 71 18 .3 0
 .02 101.73 
4.4394 3 • 2 816 .o 264 .0516 12.3862 , 3. 9 4:9 8 .0031 
B6R5 CR 2 11.44 10.92 .11 • 2 S S9. 19 17.45 
.06 100.01 
4.4644 3~3677 .0208 .OS 51 12.3697 3. 81 86 .0126 
B6RS CR 3 12.13 11.44 .24 .3 4 60.94 16 .o 8 
.04 101.21 
4.6401 3.4609 .·0455 .0729 ·12.3627 3.4S08 .0082 
B6R.5 CR 4 s 12.05 11.32 .11 .3 0 ,• 61.25 16.73 
.06 101.82 
(} 4. S 9S S 3 • 413 8. .0203 .06 4'6 12.3892 3.S198 • 013 4 
T 
• 
,,,__ .. 
. .... ,.' 
,J 
1;,>- ;/1 
• 
•'\ 
·, 
TABLE 5-5 ( CONTINUED) 
(I 
ANALYSIS CODE .... MGO .AL203 TI02 MNO CR203 FEO NIO TOTAL 
B6RS CR s 1 10.02 9 .-9S • 22 .3 8 60.01 18.05 .02 98.66 
4.0009 3.1403 .0453 .O 8S S 12.7086 4. 0 43 9 .0042 
B6RS CR s 2 9.73 9.23 .12 • 3 S 61.01 18. 9 8 0.00 99.43 
3.8846 2.9109 .0248 .07 92 12.9129 4 • 2 4 93 0.0000 
B6RS CR 6 11.26 11.16 • 23 • 3 3 S 8. 7 6 18.92 .OS 100. 71 
4. 3 7 81 3 .• 4316 .0444 .07 40 12.1156 4 .126 2 .0105 
B6R5 CR 7 11.87 10.22 • 23 .2 8 S9.44 18 .36 · .02 100.42 
4.6342 3.1544 7b460 .0614 12.3032 4.0198 .0046 
B6RS CR 8 11.69 9.S2 0.00 .21 60.16 17.96 .14 99. 6 9 
4.6108 2 • 9 6 97 0.0000 .046 3 12.S871 3 • 9 7 S3 .0308 
' . 
60.52 Q1 B6RS CR 9 s 12.06 10. 7 4 .4 8 .2 9 17.03 .o 9 101.21 
"' 4.6398 3.2662 • 0 92 8' .0626 12.34S3 3.6739 eOl.92 
B6R5 CRlO s 13.03 10. 7 2 .4 8 • 26 59.92 15.61 o.oo 100.02 
S.0310 3.2758 .• 0 927 • 0 57 6 12.2803 3 .3 843 0.0000 
B6RS CRll ·S 12.80 10.52 • 7 2 • 3·0 60 .52 . 15.98 .06 100.91 
4 !;91 83 3 .1931 .13 85 .066S .12 .3·26 9 3.4437 .0129 
B6RS CR12 s i2.S8 10.94 ;3 6 .• 16 S9.S1 16.24 .o 8 99.87 
4.8806~h 3.334S .06 96 .0362 12.2412 3.S324 .016 S 
""" B6RS CR13 s ;·12.80 10.62 o.oo .2 8 . 60.07 16.73 .07 100.57 
4.9486 3.2467 .o .0000 .0606 12.3167 3. 6 290 .0152 . ,: 
B6RS CR14 s 12.45 10.49 1.07 .3 3 60 .3 8 16.82 .06 101.61 
... 
.2d67 4.7622 3.1729 .0718 12.2472 3.6080 .0129 
···,]!. B6RS S 8. 6 __ S 16.8S .04 98. 7 4 
i· I CR1S s- 12.41 ·10.50 o·.oo .• 2 9 
1. ••• 
.06 so .0080 4.8951 3.2724· 0 00000- 12.2640 3.72~8 
.B6RS CR16 s 12.36 . 10.75 .3 4 .12 · S 8. 94 16.47 • 04 '99.0,3 
.. ' 4.8441 3.3310 .0670 .027 0 12.2461 3.6198 • o o·, 9 
. ....,..! --:. . 
• 
.-
:·-! 
fL \ 
::'.'' 
:;. 
-...c:..:..._ 
I . 1·, .'. 
·. ··! 
.. Ji ) , 
\ .. :.,.:·.-:,· . 
~ ... .0 
"' 
4 .. 
TABLE 5-5 (CONTINUED) 
.. 
ANALYSIS CODE MGO AL203 TI02 MNO CR203 FEO NIO TOTAL 
,_,,_.· ...f 
( 
B6R5 CR17 11.53 9.49 0.00 • 3 5 . 57.93 19 •. 85 • 03 99 .18 
', 
4.5985 2.9925 0.0000 .o 802 12.2543 4.4423 .0071 
B6RS CRl 8 10 .18 9.06 .13 • 31 61.29 20.91 .02 101. 9 0 
3. 9 861 2.8044 .0251 .06 87 12.7254 4. 5 93 6 .0051 
B6R.5 CRl 9 10.90 9.94 .21 0 3 7 5 9 .46 l9. 7 4 .11 100.73 
4. 2 7 81 3 • 0 84 S • 0410 • 0 81 9 12 • 3 7 3 4 4 .3 453 .0243 
B6RS CR20 11.42 9.33 • 20 • 3 4 60. 6 2 18.81 0. 00 100.73 
4.4772 2.8907 .03 86 .07 67 12~5973 4.1354 0.0000 
B6L7 CR 1 9.. 3 2 11.25 .23 .41 57.33 20.92 0.00 99.46 
3.7053 3 .S313· .0452 .o 922 12 .0912 4. 6 67 8 0.0000 
'" 
B6L7 CR 2 1 9. 7 2 11.36 .• 2 7 • 3 5 58.23 19. 7 9 .10 99.81 
~ 3.8328 3 • 5 418 .0 53 9 .077 6 12.1787 4.3772 .0223 
B6L7 CR 2 2 9 .o 9 ·10.99 • 24 .40 S1.83 20.81 o.oo 99.37 
3.6227 3.4639 .0487 • 0 90 8 12. 2 2 S 0 4.6541 0.0000 : 
B6L7 CR 3 10.67 11.62 • 20 • 4 5 58.43 18. 86 o.oo l 00. 2 2 
4.1647 3. 5 8S 6 .03 86 .1004 12 .0980 4.1307 0.0000 
;a.,,_ 
) 
The major compositional features .of chromian spinel may be illustrated by 
I;\ 
a triangular prism, a scheme that has been used by Stevens ,(1~44), Thayer 
. 
(1946), and Jackson (1963), and which is« given in Figure 5-1. rhe Ieng.th of 
the prism represents the relative proportions of M.gO and FeO; the triangular 
of the six corners corresponds to the major en~-:members. · The plotting and 
comparison of analyses is done most conveniently on the two projections of the 
prism (also used by Stevens and Thayer) show11 in Figure 5-1. The .plane of 
projection corresponds to the Pc-Ch-He-Sp fa~e of the prism.· This • • view 1s 
particularly instructive because most chromian spinel plots v~ry close to that 
face (.Irvine, 1965). In practice, the projection · is established simply by plotting 
Cr/(Cr+Al) against Mg/(Mg+Fe2+) (cationic fractions). I~ projection A the· 
cationic fractions Y Cr' Y Al' and.: Fe3+ correspon~ to the Pc-Cr, Sp-He, and .Mf-
Mt edges of the prism. Throughout this study the widths of the rectangular 
faces of the spine} prism are drawn twice as long as the trigonal axis; this 
convention is in accordance wit~ the model spinel formula R 2+R23+04 and 
- . 
':.._ 
permits R 2+ and R 3+ variations to be compared graphically on atom-for-atom 
basis. 
The calculated atomic ratios from the electron micropiobe analyses of 
disseminated and segregated chromite grains that were used in · the Johnston 
spinel compositional plots (Irvine, 1965), are given in Tables B-1, B-2, B-3, B-4, 
• 
'W 
and B-5 of Appendix B. Figures 5-2, 5-3, 5-4, 5-5, and 5'."'6 show all plots stated 
above for alL the chromite bodies that .. -vere studied. In the triangular plots of 
. 
these figures both dissemin~ted and segregated chromite points are given. In all 
plots analyses of disseminated chromite grains taken at the edges are not 
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2 
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: magnetite , Mt 
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24 
MgA~ o : spinel ·, Sp 
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• 
A Yer/· 
Y: cationic fraction 
'( et = Cr /Cr+ Al+F e-s+ 
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YA1 • AI/Cr+Al+F ~ 
Y,,1+ • Fel+/Cr+Al+Fe3+ 
FIGURE 5- I. Johnston's composltlonal prism representing solld solutions between 
the principal end-members of chromlan splnel.The derivations A&B 
of the two projections that ·ar,. u:sed for plotting analyses In this 
study are ·indicated. · 
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chromltes. 
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FIGURE 5- 7. Photomicrographs of disseminated chromite grains 
that revealed 'f errit-chromit~ margins. 
11' . A represents B 3R 5 CR 3 and B represents B 3R 5 CR 4. 
Plane-polarized light, 2 7 OX . . 
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FIGURE 5-8. X-ray scanning photographs of secondary (I) and 
backscattered electrons (2) from 8 3R 5 CR 3· and B 3R 5 CR 4. 
Accelerating voltage I 5kV; . magnifications ~re given by the 
second number of the label, and, for all cases, the length of 
the line at the end equals I O microns. 
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FIGURE 5-9. X-ray scanning photographs for distribution of 
Magnesium ( I), Aluminum (2), Chromium (3), and Iron (4) 
from 83R5 CR 3. Accelerating voltage I 5kVi magnification 941 X. 
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FIGURE 5- I 0. X-ray scanntng photographs for distribution of . 
Magnesium ( I), Aluminum (2), Chromium (3), and Iron (4) 
from 83R5 CR 4. Accelerating voltage I 5kV; magnification 94 IX. 
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included and only analyses taken at the cores of the grains ~'ere plotted. Most 
analyses of the disseminated grains revealed no major changes in Mg, Al, Cr, or 
Fe concentrations from core to edge. Only three grains revealed compositional 
variations fron core to edge and these v:.1.riations represent secondr~ry alteration. 
They are coded B3~5 CR 3, B3R5 CR 4 (Table 5-2), and B5L4 CR 3 (Table 
5-3). Analyses of these grains taken at their edges (B3R5 CR 3 2-3, B3R5 CR 
4 2, and B5L4 CR 3 2) reveal major enrichment in FeO concentration and 
depletion in MgO and Al20 3• In grain B3R5 CR 4 an enrichment in Cr20 3 at 
the edge of the grain is also revealed. This results in chromite zoning with 
"ferrit-chromite" margins richer in Cr/(Cr+Al) and poorer in Mg/(Mg+Fe2+) 
than the unaltered cores (Tables B-2, B-3 of Appendix B). Photomicrographs of 
the first two grains are shown in Figure 5-7 using transmitted light microscopy. 
Secondary electron and back scattered electron images of these grains are shown 
in Figure 5-8. The geochemical distribution of the elements Mg, Al, Cr, and Fe 
has been studied with the electron microprobe by taking X-·ray scans of these 
grains for each element. These photographs (Figures 5-9, 5-10) reveal the major 
enrichment of Fe at the· marginal portions of the grains (relatively higher 
concentration in ·white dots) and the depletion of Mg, Al ( relatively . lower 
concentration in white dots). This variation. is also shown in the BSE image of 
grain B3R5 CR 3. As the n·sE-intensity increases with the rising atomic number 
of the considered elements, the accumulation of the relatively heavier. elements 
in the marginal rims of the chromite grains is clearly recognized. 
i 
Chemical variations in Mg, Al, Cr, or Fe concentrations appear also in 
) 
( ' . 
some grains as, for ·~xample, in B5Rl CR 5 (T~ble 5-4) · from core 1 to edge 2 
but are much lower than those stated previously; disseminated grains show ·very 
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slight variations of Cr/(Cr+Al) and Mg/(Mg+Fe2+) probably representing grains 
that never reached the advanced "ferrit~chromit" of B3R5 CR 3, CR 4 and 
B5L4 CR 3. "Ferrit-chromit" is not widespread in the study area, but was well 
documented in the orbicular type ore at Motsali in the Rodiani chromite 
province located ·NE of Vourinos (Panagos and Ottemann, 1966). 
As shown in Figures 5-2, 5-3, 5-4, 5-5, and 5-6, the disseminated chromites 
show a consistent Fe2+ enric·hment and Mg depletion compared with the 
segregated chromites, and plot separately in the spinel prism. However, there is 
no sharp boundary separating the disser11inated and segregated chromites. The 
analyses plotted in these figures represen·t analyses from the various textural 
types described and do not show significant correlations. All' analyses from the 
four different chromite bodies studied .show the same unique chemical trend as 
shown in the spinel ·prism. No significant Cr-Al variations in either the 
<iisseminated or the segregated chromites is shown and all analyses' plot· above 
0. 76 Cr/ ( Cr+ Al) ratio. The cationic fraction of Fe3+ is below 0.05 in all bodies. 
According to the classification of chromian spinels by Stevens (1944), these 
chromites belong to the aluminous chromite field and plot in his metallurgical 
grade. The prinripal chemical features of these chromite bodies are given in 
(J . 
Table 5-6. All the chromite analyses point to a strong resemblance of these 
chromites to other podiform der.Josits which develop in alpine-type peridotites of 
ophiolites throughout the· world. The following chemical parameters used to 
establisl: this resemblance · are from Thayer (1964, 1969, . 1970, 1973), Irvine 
~ 
(1967), Dickey and Yoder (1972), Dickey (1975), Malpas _anQ Strong (1975), 
Craig and Vaughan (1981} and are as follow: l . 
( 
1. They are· high-chromium chromites (>46 wt % Cr20 3 and Cr/Fe > 
67 
,, 
J• 
. 
) 
Mining Position 
2+ . Mg/(Mg+Fe ) ratio 
Cr/(Cr+Al) ratio 
Cr/Fe ratio 
Norms (mol %) 
(Mg,Fe)Cr2o4 
(Mg,Fe)A12o4 
(Mg,Fe)Fe2o4 
MgO/RO 
FeO/RO 
Average 
Molecular 
Composition 
D 
s 
Body 2 
Level 716 
0.46-0.61 
0.56-0.69 
0.78-0.83. 
2.18-3.88 
76 
19 
s 
, -
t)j 
37 
D = disseminated; S = segregated 
" 
TABLE 5-6 
PRINCIPAL-CHEMICAL FEATURES OF CHROMITE BODIES 
Body 3 
Level 716 
0.49-0.60 
0.59-0.68 
0.79-0.82 
2.29-3.84 
76 
18 
6 
62 
38 
68 
Body 5 
Level 716 
0.50-0.61 
0.60•0.69 
0.78-0.82 
2.14-3.48 
73 
19 
8 
62 
38 
\ 
Body 5 
Level 736 
0.47-0.61 
0.59-0.68 
0.78-0.84 
2.37-3.7l, 
75 
20 
s 
62 
38 
( 2+ ") Mg.62'Fe_38 
3+ 
(Cr .• 7 5 'Al . 2 0 ' Fe . 0 5) 2 O 4 
Body 6 
Level 736 
0.47-0.59 
0.58-0.67 
0.77-0.82 
2.41-3.73 
76 
20 
4 
61 
39 
:2/l). Most podiform deposits are of ·t·he· hig'I1~chr.omium type. The 
high-chromium chromites of the Eastern Hemisph,ere, except for the. 
Great Dyke, Rhodesia (stratiforrn) :are: :mostly in podiform deposits . 
. 2. A more magnesian charac.t~r:, with total iron content lower than that 
.of :stratjform chromites. The, total iron content is :be]ow -20 percent. 
:3:. Con·stancy of the .Fe2+ /Mg atomic ratio .in Chromites from each 
deposit, relative: -to stratiform complexes:. 
4. Low F·e20 3 .conJent in. wt.% (below 8. p·erce.n>t). 
-5. Low Ti.02 content .ran.gin:g from. 0.00 to ·o.84: wt %· but ,in:· :most·· 
·analyses below 0.3 percent and lack of significan.t correlatio·n :between 
Ti and other . major elemen.ts. 
All analyses of c:hromite .ftom 'the· ·d1tnite~h:os-t·ed. :chtqmite bodies in this 
On .the .Mg/(Mg+Fe2.~) v·s c=r/(G.r+Al) face. of the sp.inel ·prism,- t.he. V:ourinos: 
:~ 
l- chromites generally plot. l.Ii the ()V~r.lappi.ng ·fie}d:s of c:h:r·omites from sttatiforIQ 
~nd·: p·odiform-alpine cOrriJ>lexes. ~fter .irvJne :an·d ·<Findlay (1972) as shown in. 
l!· 
"•"':lo, 
·'"' 'f ig.u·re 5-1 l. However, all of t-hern .. ·p,lot in. ·th.e alpine-- podiform field and only 
-, ,. 
:~'.... i11 p~r.t plot in the stratiform field. Figure 5.-12i shows the variation of total 
. - . 
we:ight. percent Fe ·against Cr20 3• Th.e·: Voµ.rinos. chromites generally pl_ot in the 
• 
' overlappin.g fields of chromites from stratiforJil and podiform-alpine tomplexes 
# 
• 
~fte'J; Th.ayer (1970), but, again, most of thein plot in the podiform-alpine field 
~nd: only a few of them plot in he str~tif~rm field. A clear distinction can be 
made between chromites from stratiform and· podiform deposits on the basis of 
Ti02 concentration after Dickey (1975). The· latter generally contain less than 
' 0.3 weight percent o_f ,Ti02 and· the former generally contain more. This 
distinction is·:i. shown also after Bird and Clark (1976). by a Cr-Al-F.e3++Ti 
~ 
triangular plo~ in Figure 5-13 in which chromites from Vourinos plot clearly in 
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FIGURE 5- I I. Plot B for the disseminated (dots) and segregated (clrcles) 
c~romltes of this study compared to plot A with fields of alpine-
podlform ( I) 9nd strotlform (2) complexes a_fter lrvlne and Findlay 
( 1 ..972) . 
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FIGURE 5- I 2. Plot of total iron vs. Cr203 weight percent for ·the disseminated, 
segre;ated chromltes (cross.es) of this study. Area I" encloses 
chromltes from alpine-pod If orm complexes and area 2 those 
from stratlform complexes ·(after Thayer, I 970). 
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. ) 
t 
Cr 
Al · Fe3+ + Ti 
. . 
FIGURE 5- I 3. Cr-Al-Fe + Tl trianoular plot for the disseminated, segregated 
chromltes (dots) of this study with f I aids of chromltas from 
alplne-podlform (I) and st rat If orm (2) complexes · ofter Bird 
and Clark ( I 976) and Dickey ( 197 5). 0 
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the alpine-podiform field. 
5.1.2 Inclusions in Chromite 
Many inclusions were observed in both disseminated and segregated 
chromite grains (Figure 5-14) using transmitted and reflected light microscopy. 
They range in size from lOµm to 50µm and they were examined by means of 
Energy Dispersive Spectrometry (EDS). Particular attention was given to the 
detection of Platinum Group Minerals (PCM). The discovery of PGM as 
discrete inclusions in massive chromitite in ophiolitic complexes in the· past five 
years (Constantinides. et al., 1980; Johan and Legendre 1980; Prichard et al., 
1981; Legendre, 1982; Stockman and Hlava, 1984) has led to studies of 
Platinum Group Elements (PGE) in ophiolitic chromitite which are of great 
interest in theoreticcLl models of magmatic processes (Page et al., 1983, 1984). 
Although PGM intlusions in ophiolitic chromitite from Vourinos were reported 
recently by Auge (1985) in Aetorache, Voidolakkos and in an area located SE of 
the Xerolivado - Skoumtsa study area, they were not found in this study. 
/ 
EDS SJ}ectra of the inclusions in chromite grains revealed that they 
.represent silicates. Electron microprobe analyses of such inclusions show that 
they have the composition of olivine and low-, high-AI. clinopyr~xene and are 
given in Table 5-7. The olivine inclusions are slightly more magnesiari than the 
olivine relicts of the. serpentinized -matrix and they show a range of 96.0 to 99.8 
percent forsterite. · Ana\yses of high-AI clinopyt6xenes show compositions simi-lar 
to that of the pyroxene relict found in B5L4. 
'" 
! 
,, 
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F I GU RE 5 - I 4. Pho t o rn i c r o graph of o I iv in e ( o I) inc I us i on in s e gr e g at e d 
chromite. Plane-polarized light, I 45X. 
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~PLYSIS ClJIE t-t;O AL203 
B3Rl CL 53.84 .03 
1.9309 .0008 
H3IA CL 53.42 o.oo 
1.9306 0.0000 
B3Io CL 54 .93 .13 
1.9543 .0036 
ffiRl a., 53 .69 o.oo 
1.9194 0.0000 
B5IA CLl 52.63 o.oo 
1.8900 0 .0000 
ffiIA CL2 52.88 o.oo 
1.9241 0 .01100 
ffiR5 a.. ~ 54.62 0.00 
. '1.9468 0.0000 
ffiR7 CL 53.81 0.00 
1.9253 0.0000 
ffiI.B CL 54.46 .0·4 
1.9777 .0010 
-l 
C,.r1 
EQRl CPX 17 .27 .62 
.9743 .OZ76 
B3IA (l)Xl 17.76 .65 
.9594 .OZ79 
roIA QJX2 17 .61 .67 
.9669 .0290 
roR> CPXl 19.55 10.29 
l .107~ .4611 
B3I6 CPX2 19.98 10.52 
1.1177 .4653 
roro CPX 17 .49 .82 
.9416 .0348 
ffiL2 CPXl 18.41 10.67 
1.0661 .4883 
ffiL2 CPX2 19.39 11.28 
1.0953 .5039 
ffiR:i CPXl 18.31 .68 
.9915 ~0291 
ffiI6 CPX2 17.51 .90 
.9660 .0393 
ffiI6 CPxl 20.76 8.93 
1.1654 .3960 
ffiI6 CPX2 20.84 8.95 
1.1520 .3914 
'lWLE 5-7 
EL ECI'Rrn MI CRUffiCl3 E ANALYSES OF S lL I CATE IN Cl.i ~~ S 
IN QIR(MITE GRAJN S 
TI02 ~o oom FED NIU sru2 CNJ 
.23 .09 .45 3.73 .47 40 .66 .16 
.0042 .0018 .0085 .0749 .oo 9".l .9783 .qo41 
.12 .09 1.10 3 .76 .39 40 .18 o ;oo 
.0021 .0018 .0210 .07t>2 .0076 .9740 0 .0000 
0.00 .10 .04 5 .28 .38 4U.Ob .4 ti 
0.0000 .0021 .0007 .1053 .. 0072 .9561 .0123 
.12 .10 .07 4.78 .29 41.09 0.00 
.0021 .0021 .0014 .o 9'.5 9 .0056 .985] 0 .oouo 
o .au .OB .17 5.94 .34 40 .42 .48 
0.0000 .0017 .0033 .1202 .0Uo6 .9779 .0124 
.35 .04 0.00 6 .oo .31 39.41 .3 :.l 
.0064 .0009 0.0000 .1225 .0073 .9620 .0084 
.06 .06 .48 3.63 .41 40 .82 .16 
.0010 .0013 .0091 .0725 .0079 .975ts .OU41 
a.OP .04 .65 3.64 .46 40 ~J36 .48 
0.0000 .0009 .0122 .0730 .0089 .900!> .0124 
o.oo .14 .12 3.62 .38 39.51 .32 
0 .0000 .0030 .0022 .0738 .0075 .9623 .0084 
.12 .04 1.16 1.07 .06 51.77 23 .95 
.0035 .0014 .• 0347 .0339 .0020 1.9587 .9708 
o.oo .09 1.3~ 1.46 0 .Ou 52.75 27 .56 
0.0000 .OOZl .0396 .0443 o.ouuo l .91J.2 . 1.06 98 
.05 .06 .1.02 1.32 (j .oo 52.44 26 .26 
.0014 .0018 .0297 .0408 0.0000 1.9316 1.0364 
.41 0 .oo 3.46 1.86 o.oo 43 .54 16.00 
.0117 0.0000 .1041 .0591 o.oouo 1.65!>1 .6515 
.23 .13 3 .64 1.93 o.oo 44.94 14.22 
.• 0066 .0041 .1000 .0606 0 .0000 1.6 863 . .5717 
.13 .07 . 1.49 1.2~ o.ou 53 .05 21·.47 
.0036 .0023 .0425 .0392 o.ouuo 1.91!>7 l.06~ 
.38 .16 6 .BO 3.03 .02 40 .72 14.40 
.0113 .0053 .2088 .0983 .0006 1.5813 .5990 
.39 .04 4.08 2.2!> o.ou 42.67 15.67 
.0113 .0014 .1223 .0713 0.0000 1.61'/:l .6362 
.06 .09 1.04 1.23 .09 53.24 25.58 
.0017 .OOZ7 .0299 .0374 .OOZl 1.9343 1.0056 
.31 o.oo 1.30 1.36 .08 54.2~ 21.10 
.0087 0.0000 .0300 .0421 .0023 2.0U~7 .83t>7 
.35 .04 3.16 1.87 .13 45.73 14.18 
.0099 .0014 .0940 .0590 .0039 1.7215 .5720 
.26 o.oo 2.77 1.68 .10 46 .53 15.54 
.0074 o.oouo .081J .0519 ,, .• 0030 1.725H .61// 
,. 
FO 
99.6b ':J7 .18 
99 .O!> 96 .56 
101.39 98.85 
lOU.14 96 .41 
100 .o·, 95.99 
99.38 97.17 
100.23 '57 .95 
99.94 '57 .18 
98.6U 99.84 
96 .07 
101 •. 66 • 
' 99.44 
95 .10 
95 .60 
101.82 
94 .Stl 
95.77 
100 .58 
96 .85 
95.16 
96 .68 
0 
• 
5.1.3 Olivine 
The olivine relicts that were analyzed with the electron microprobe are all 
highly magnesian and unzoned and their forsterite content ranges·· from 90.9 to 
98.1 percent. ;\_nalyses from each chromite body are given in Tables 5-8, 5-9, 
5-10, 5-11, and 5-12 along with calculated Fo contents. Analysis codes that-
appear with the number 1 at the end, represent analyse~ taken at the core of 
the grains. Numbers greater than 1 that app~ar in the saine · position, represent 
analyses that .were taken at the edge of the grains. In these tables calculated 
Mg/(Mg+Fe2+) ratios are also listed and they are plotted agains~ Ni atomic 
proportions in the Harzburgite subsection of this chapter. The only pyroxene 
~-
r~~etected (in B5L4) represents a clinopyroxene with a low analysis total 
,, 
(97 .. 15) and a weight percent composition: Si02 49.83, Al20 3 7.41, Cr20 3 1.79, 
MgO 22.27, FeO 1.80, NiO 0.08, CaO 13.31, and Ti02 Q.20 . 
. . -"' 
5.1.4 Serpentine and Chlorit·e 
Two serpentine analyses are given in Table 5-13. Totals in these analyses, 
/ 
are not low when an allowance for about 14 wt % H20 is made. These analyses-:~ 
represent a fibrous vein SRP 1 and a platy grain SRP 2 of sample. B5R3 
(L 736), as shown in Figure 5-15. The normalization of these analyses to a -
certain number of cations was based on 9 (O,OH). Both contain a significant 
amount of Cr20 3 probably donated from chromite margins . during 
serpentinization. The alumina content is very low (0.08 and 0.07 wt %) while 
NiO is higher in the platy grain (0.33 wt %). Analyses of the SRP 1 fibrous 
vein which corresponds to fibrous chrysotile s,hows ·an unusual difference • ID·. 
chemical composition from the platy grain which corresponds to antigorite or 
lizardite. The difference is shown by MgO depletion and enrichment of FeO and. 
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TABLE 5-8 
ELECTRON HICROPBCBE ANALYSF.S OF OLIVIHE GRAINS 
BODI 2, LEVEJ. 71b 
MJO AL203 TI02 HNO CH203 FEO NIO sm2 CAO TOTAL FO KJ/(MQ + FE+2) 
B2B2 CL-1 1 52.39 o.oo o.oo o.oo o.oo 4.44 .39 40.84 o.oo 98.0b 95.78 .96 1.9070 0.0000 0.0000 0.0000 0.0000 .0910 .OOtsO .9970 0.0000 B2R2 Q..-1 2 53.01 .02 .oe o.oo o.oo 3,87 .Ja:j 41.71 o.oo 99,12 95,41 .95 1.9020 .0010 .0010 0.0000 0.0000 .01Bo .ooao 1 .0040 0.0000 
B2R2 a.-1 3 52.96 .03 o.oo o.oo .06 3.67 .37 41 • 79 o.oo 98.8a 95.25 .95 1.9020 .0010 0.0000 0.0000 .0010 .01110 .oo·,o 1 .oo·,u o.ouuo 
B2B2 01.-2 53.59 .03 .66 o.oo o.oo 3.30 ,3b 41,93 .03 99,90 95,28 ,9b 
1,-9040 .0010 .0120 o·.0000 0.0000 .Ob60 .0070 .9990 .0010 
82'2 ~-3 52.68 o.oo .25 .09 .08 · 5,47 ,31' liO .18 .Ob 99,15 96 .14 .96 1,9114 0.0000 .OOllb · .0018 .0016 .1114 .OOb7 .9778 .0014 B2L2 Q.-1 1 Sll,39 o.oo .14 o.oo o.oo 4.29 .4~ 42 ,52 .Ob 101.85 95,76 .96 1 ,9040 0.0000 .0020 0.0000 0.0000 .0840 .OO&I ,9980 .0010 
B2L3 OL-1 1 52 .,~ o.oo .06 o.oo o.oo 3.14 .26 41.97 .61. 98.19 94. 79 .95 1.8810 0.0000 .0010 0.0000 0.0000 .Ob'IO .0050 t .ou,o .0160 
B2L3 Q.-2 1 52 .113 .03 .03 o.oo o.oo 6,25 .34 111 .17 .08 100.34 94,53 .94 
1 .8811 .0009 .0006 0.0000 0.0000 .1258 .OOb5 .9908 ;0022 
B2L3 a.-2 · 2 52.JJS o.oo .05 .10 .Ob 6.25 .36 41 .29 .11 100.67 94 .114 .94 1,87b6 0.0000 .0009 .0021 .0011 .12511 .0069 .9912 .0026 
B2RJJ 01.-1 1 51,72 o.oo o.oo .11 o.oo 5,83 .2b lJO ,05 .08 98.05 95 ,49 .95 
..... 1 .898lJ 0.0000 0.0000 .0023 0.0000 .1201 .0051 .. 9659 .0021 ..... B2RJI OL-1 2 52.73 o.oo o.oo .08 .15 . 5,89 .311 JJ0.86 o.oo · 1 oo.o~ 95.27 ,95 1,8968 0.0000 0.0000 .0017 .0030 .1167 .0065 ,9858, 0.0000 
B2R4 CL-2 1 52.01 o.oo .02 . .12 o.oo 6.06 .32 39.90 .08 98,51 95,87 .gt, 
1,9042 0.0000 .0003 .0024 0.0000 , 12411 .OOb4 .9799 .0021 
B2Rll 01.-2 2 52,59 o.oo .011 .09 .03 5.81 .20 110. 79 .07 99.62 95.35 .95 
1,8979 0.0000 .0001 .001 ts .0005 .1176 .0040 ,9873 .0.01ts 
B2L5 Q.-1 ~. 51.83 .03 .08 .10 .04 ,.Ob .34 40,21 o.oo 99.70 94.63 ,95 
1 .8824 .0010 .0015 .0020 .0008 .1438 .0066 .9797 0.0000 
B2L5 01.-2 51,68 o.oo ·0.00 .14 o.oo 6 .JJ4 .30 39.65 o.oo 98.21 95 .64 ,95 ' ' 
1.9013 0.0000 0.0000 .0030 0.0000 , 1328 t .0060 ,9184 0.0000 
B2R6 01.-1 52,91' o.oo .02 .08 o.oo 5.62 ,3'1 ,n .14 .05 100.22 95 .46 .95 
1,8975 0.0000 .0003 .0016 0.0000 .1130 .t072 .9692 .0014 
B2B6 OL-2 53.63 .03 o.oo .09 o.oo 5 .117 .39 '10 .72 .o,a 100.3c, 96.69 .97 
. 1,9214 .0009 0.0000 .001u 0.0000 .1099 .oo·,s ,9785 .0011 
B2R6 0..-3 1 52.63 o.oo .08 .07 o.oo 5.96 . ,34 40,77 o.oo 99,85 95.35 .95 
1.8970 0.0000 .0015 .0014 0.0000 .1206 .0061 ,96!,b 0.0000 
B2R6 a.-3 2 52,33 .04 .os .12 o.oo 5.76 .20 '10 .55 o.oo 99,05 95.32 .95 
1.8986 .0011 .0009 .0025 0.0000 • "li 3 .0040 ,98'70 0.0000 . 
3·9.65 .04 98.04 96.52 ,96 B2R6 01.-4 52,27 o.oo o.oo .01 o.oo S,75 .2b 
1 ,9198 0.0000 0.0000 .0015 0.0000 , 1185 .0052 .97t,9 .0011 
• 
, ______ ·- --,-- . 
! 
,·, 
,,. __ , __ '11; 
,\' 
~ 
00 
,, 
• 
•) 
\ 
' 
/ 
-
Aff Al. IS IS CO DE 
B3R1 CL-1 1 
83R1 Q..-1 2 
831.2 01.-1 1 
831.2 a..-1 2 
831.2 01.-2 
B3L2 a.-3 1 
B3L2 ~-3 2 
83R3 CL-1 
B3R3 01.-2 
83R3 CL-3 
B3R3 OJ..-4 
B31A a.-1 
B3L4 01.-2 1. 
B3I.A OL-2 2 
B3IA OL.-3 
B3R5 01.-1 
B3R5 OL-2 1 
B3R5 01.-2 2 
B3R5 OL-3 
B3L6 OJ.-1 
B3Ir7 CL-1 
B3Ir7 01..-2 
B3Ir7 OL-3 
B3R7 a..-Jl ,,, 
MlO AL203 
52.91 o.oo 
1.9076 0.0000 
53 .31 o.oo 
1.9157 0.0000 
53 .15. o.oo 
1 .921 ts 0.0000 
53.52 o.oo 
1.9163 0.0000 
53.50 .02 
1.92·, ~ .0005 
53 .31 o.oo 
1 .91106 0.0000 
53.68 .03 
1.9342 .0008 
54.26 o.oo 
1 .948b 0.0000 
S!f.01 o.oo 
1.9202 0.0000 
54.09 .OIi 
1.9455 .0010 
53.97 .02 
1 .90·10 .0006 
52.52 .04 
1 .9011 .0012 
53 .10. .02 
1.8990 .OOOJJ 
53.11 o.oo 
1.8986 0.0000 
53.2b o.oo 
1 .921 ~ 0 .0000 . 
54.05 o.oo 
1.916~ 0.0000 
54.37 o.oo 
1.9114 0.0000 
511 .05 .02 
1.9043 .0006 
53.75 .03 
1 .92.11·, .0006 
53.76 .02 
1.9149 .0006 
53 .19 o.oo 
1.9161 0.0000 
53 .79 .05 
1.9269 .0015 
53.91 .03 
1.89'(0 .0009 
53.59 o.oo 
1.8995 0.0000 
TABLE 5-9 
&.ECTROH HICROPROBE AHALYSt::S OF OLIVINE GRAINS 
BODY 3, LEVEL 71b 
, 
TI02 HNO CR203 FEO RIO SI02 CAO 
.05 .11 .,01 5.49 .38 40.72 o.oo 
.0009 .0022 .0003 .1111 .0074 .9847 0.0000 
.05 .08 o.oo 5.34 .46 40.70 .08 
.0009 .0016 0.0000 .1076 .00ts9 .9ts10 .ou21 
o.oo .04 .01 5.28 .40 JJO .. 35 .11 
0.0000 .0008 .0013 .1071 .0078 .9788 .0029 
o.oo .og o.oo 5.07 .42 41.04 .01 
0.0000 .0019 0.0000 .1018 .0062 .9ts57 .0004 
.03 .10 .07 s.03 .46 40 .Jf4 .01 
.0006 .0020 .0013 .1016 .ooa,9 .91·tb .0004 
o.oo .06 .OIi 4."98 .47 39.83 .03 
0.0000 .0012 .0008 .1016 .0092 .9725 .0001 
o.oo .10 .03 5.03 .41 40.33 .10 
0.0000 .0020 .0005 .1016 .oo·, 9 .974t; .00~5 
o.oo .11 .03 ,• 4.85 .29 40.37 o.oo 
0.0000 .0023 .0005 .0977 .0057 .9721' 0.0000 
o.oo .05 o.oo 4.61 .18 41.56 .03 
0.0000 .0011 0.0000 .0920 .0034 .9912 .0007 
o.oo .11 .01 4.49 .3(> 40.44 .Ob 
0.0000 .0022 .0003 .090b .0069 .9757 .0014 
o.oo o.oo o.oo 6.07 .36 41 .J&s .01 
0.0000 0.0000 0.0000 .1203 .0068 .9623 .0004 
o.oo .13 .03 6.42 .41 JJ0.26 o.oo 
0.0000 .0026 .0005 .1303 .ootta :9776 0,0000 
o.oo .12 o.oo 6.03 .31 41.52 .10 
0.0000 .0024 0.0000 .1196 .0059 .9a119 .0025 
o.oo .08 .03 6.20 .·39 llO .96 .11 
0.0000 .0016 •. 0005 .1243 .0075 .9821 .0028 
.03 .11 .01 6 .111 .37 !KJ.11 .011 
.0006 .0022 .0003 • '1242 .0072 .97015 .0011 
o.oo .15 .06 5.15 .34 · 41.42 o.oo 
0.0000 .0030 .0011 .102'1 .0066 ;9550 0~0000 
.08 .10 .03 .5.21 .37 41 .83 o.oo 
.0015 .0019 .0005 .1021 .OOb9 .9~5 o.oouo 
.07 ;02 .08 5.37 .• 33 41.81 .03 
.0012 .00011. .0016 . .10&2 .OOb4 .9881 .0001 
o.oo .11 o.oo ·5.03 .44 40.84 o.oo 
0.0000 .0023 0.0000 .1.010 .0065 .9611 0.0000 
.03 .18 .01 5.32 .32 41.111 .o, 
.0006 .0037 .0003 .10f>2 .OOb2 .9ts30 .0004 
o.oo .13 .03 5.62 .24 . llO .57 .Ob 
0.0000 .002'1 .0005 .1136 .0047 .9802 ~001 'I 
.03 .13 .03 5.60 .29 JI0.51 .04 
.0005 .0027 .0005 .112b .005b .9735 .0011 
.05 .• 11 o.oo 5.3b .29 42.07 .01 
.0009 .0023 0.0000 · .1 os·, .. 0055 .9930 .0003 
,02 .01 .o, s.6s .31 41.60 .Ob 
.0003 .0014 .0903 .1122 .0059 .9892 .0014 
TOTAL FO Ml/' . j + FE+2) 
99.68 95.9~ .9b 
100.02 96 .53 .96 
99 .40 96 .1b .9·1 
100 .1b 96 .43 .96 
99.6b 97 .04 .97 
98.72 97 .71 .9tl" 
99.69 97 .43 .97 
99.9~ 97 .9q .gts 
100.Jl4 96 .35 .96 
99.59 91.89 .98 
101 .89 95.81 .96 
99.eo 95 .69 .96 
101. 78 95 .58 .95 
100.Btl 95.63 .95 
~ 
100.07 96 .76 .97 I; 
101.16 96 .37 .9b 
101 .99 9b.09 .96 
101.78 95.61 .9b 
100.21 96 .87 .97 
-
100.81 96 .34 .96 
99.84 96 .3b .gb 
100.47 96 .92 .97 
' ' ·-..___ __ 
101.83 95.2b .9~ 
I) 
101.30 95 .47 .95 
ANALYSIS CUDE MJO AL203 
15R1 ~-1 1 53.23 o.oo 
1 .8918 0.0000 
15R1 <L-1 2 52.89 o.oo 
1.8870 0.0000 
B'SR1 Cl.-2 53.20 .04 
1.8890 .0012 
83R1 01.-3 53.27 o.oo 
1.889b 0.0000 
151.2 Q.-1 52.91 .02 
1.8781 .0006 
B5L2 Ot.-2 52.88 o.oo 
1.8757 0.0000 
·B'jR3 CL-1 55.02 0.00' 
1.9345 0.0000 
B'SL4 01.-1 54 .113 .02 
1.9513 .0005 
B'SIA OL-2 54.65 o.oo 
1 .94b2 0.0000 
B'SL6 Cl.-1 54 .18 o.oo 
..... 
1.9102 0.0000 
r.o B'SL6 CL-2 1 53.84 o.oo 
1 .9008"' 0 .0000 
DSL6 Q..-2 2 53.85 o.oo 
. 1.912tt 0.0000 
B'SL6 OL-3 53.42 .04 
1.9082 .0010 
B5L6 Q.-4 53.71 o.oo 
1.898b 0.0000 
151rr OL-1 51 .. 43 o.oo 
1 .8793 0.0000 
TABLE 5-10 
EI.ECTHON MICBUPROBE ANALYSES OF OLIVIN~ GRAINS 
BODI 5, LEVFL 716 
TI02 HNO CR203 FEO NIO SI02 CAO 
o.oo .12 .02 6 .29 .29 41.JIO .01 
0.0000 .0023 .0005 .1254 .005b .9868 .0004 
o.oo .10 .07 6.37 .25 41 .29 o.oo 
0.0000 .0021 .0014 .1~,b .0049 .9881 0.0000 
.07 .12 .01 6 .59 .311 41.28 .. o.co 
.0012 .0025 .0003 .1312 .0066 .9830 o.ouuo 
o.oo .05 .04 6.36 .21 41.55 .01 
0.0000 .0011 .0008 .12b5 .0040 .9885 .• 00011 
.01 .21 o.oo 6.63 .1 s 41.55 .03 
.0012 .0043 0.0000 .1320 .0029 .9893 .ooo·, 
.02 .21 o.oo 6.79 .30 !11 .so .15 
.0003 .0042 0.0000 .13~1 .OU!>'( .9ts73 .0039 
.011 .11 .03 4.84 .39 41 .117 .07 
.0006 .0022 .0006 .0955 .00111 .9781 .0018 
o.oo 
.o: o.oo 5.78 .3b 39 .gt, o.oo 
0.0000 .001 0.0000 .1162 .OOb9 .9613 0.0000 
o.oo .os o.oo 5.73 .3e, 40.40 .04 
0.0000 .0010 0.0000 .1145. .OOb9 .9651 .0011 
.06 .09 .01 4.68 .31 42.00 .03 
.0011 .0016 .0003 .0924 .0059 .. .99jl .0001 
.04 C .04 o.oo 5.00 .35 42.03 o.oo 
.0001 .0009 0.0000 .0990 .0067 .9955 0.0000 
. , 14 .01 o.oo 4.84 .46 !11 .39 .11 
.0025 .0014 0.0000 .0965 .OOts7 .9tst,3 .0027 
.02 .Ob .07 5.69 .37 Jf 1 .oo .o, 
.0004 .0012 .0013 .1140 .0071 .9824 .0003 
o.oo .11 .01 5.37 ,38 41.19 .o~ 
0.0000 .0023 ,0013 .1065 .0072 .9909 .OU13 
.OJ& ,09 .01 6.22 .36 40 .411 o.oo 
• 0007 .001 ts . .0003 , 12(5 ,0071 .9911 
' 
0.0000 
'' \ 
TUTAL FO MJ/(HO + FE+2) 
101.37 95 .09 .95 
100.96 94.75 .9!> ~ 
101 .65 94.97 .95 
...__ 
101.50 94.82 .95 
101.57 91& .35 .94 
101.85 94.55 .911 
101.97 97.4u .97 
100.66 98.13 .98 
101 .24 97.89 .98 
101.35 95,96 .96 
101.31 95 .4!> .95 
100.86 96.36 .96 
100 .. 67 95.gu .9b 
101 .49 95.50 .95 
98.59 94.46 .94 
'a 
,. "1 • 
hAL ISIS CODE KJO AL203 
9JR1 CL-1 1 53.48 .03. 
1 .8756 .0008 
9JR1 Q..-1 2 52.87 o.oo 
1 .8695 0.0000 
9JR1 CL-2 54.56 o.oo 
1.9219 0.0000 
B5R1 CL-3 5Ji.39 o.oo 
1.9071 0.0000 
B'SL2 CL-1 52 .48 o.o.o 
1.8743 0.0000 
B'SL2 OL.-2 50 .69 o.oo 
1.8255 0 .-0000 
B5L2 OL-3 52.64 o.oo 
1.8652 0.0000 
B5L2 OL.-4 53 .411 .02 
1.89.:s6 .0005 
B5L4 OL-1 51 .14 o.oo 
' 1.8463 0.0000 
B5l5 Q..-1 53.97 .03 
00 1.9268 .0008 0 B5R5 OL-2 53 .19 o.oo 
1.8807 0.0000 
B5L8 01.-1 1 52.46 o.oo 
1.8642 0.0000 
1'51.8 OL-1 2 52.33 o.oo 
1.8531 0.0000 
B5L8 OL-2 52.51 o.oo 
1.8852 0.0000 
TABL!: 5-1 I 
G.ECTROH HICROPRCBE ANALYSES OF OLIVINE GRAINS 
. BODY 5, LEVEL 73b 
TIU2 HNO CR203 FEO NIO SI02 CAO 
o.oo .01 .02 4.49 .38 42.49 1.04 
0.0000 .0013 .0004 .08ts3 .0072 .9995 .02b7 
o.oo .10 o.oo 4.51 .41 !12.67 .2b 
0.0000 .0020 0.0000 .0895 .oo·, 9 1.0122 .0067 
o.oo o.oo .08 4.38 .36 41.66 .53 
0.0000 0.0000 .0015 .0865 .0068 .9845 • 0134 
.03 .11 .03 4.61 .21 42.39 o.oo 
.0006 .0022 .0005 .0907 .0039 .99'{0 0.0000 
o.oo .02 o.oo 6 .08 .28 41.70 o.oo 
0.0000 .0003 0.0000 .1218 .0053 .9991 0.0000 
.01 .13 o.oo 6 .25 .2b 41.89 .53 
.0012 .002'7 0.0000 .12b3 .0051 1 .0121 .0137 
o.oo .09 o.oo 6 .41 .32 41.92 .2b 
0.0000 .0018 0.0000 .1274 .0062 .9963 .OOf>7 
o.oo .16 o.oo 6.03 .43 41.53 o.oo 
0.0000 .0032 0.0000 .1198 .OOts2 .9871 0.0000 
o.oo .13 o.oo 5.07 .3b 42.00 .2b 
0.0000 .• 002b 0.0000 .1027 .0071 1.0172 .OOb9 
o.oo .11 o.oo 3 .Jfo o.oo 41.63 .13 
0.0000 .0022 0.0000 .Ob81 0.0000 .9980 .0034 
o.oo .07 o.oo 6.49 .31 41 .81 o.oo 
0.0000 .0014 0.0000 .1287 .OOf>O .991b 0.0000 
.01 • , 0 .02 3.91 .55 42.2.7 1.06 
.0020 .0004 .0779 .0105 1.0076 .0271 
TOTAL 
102.00 
100.83 
101.57 
101. 78 
100.55 
99.82 
101.64 
101 .60 
98.9b 
· 99.2& 
101.87 
100.44 
.0012 
o.oo .04 .01 3.85 .45 42.80 1.0b . 100.55 
0.0000 .0009 .0003 .0765 .OOts6 1.0166 .02'/0 
o.oo .09 o.oo · 3.92 .45 41 .91 .21 99.15 
0.0000 .001H 0.0000 .0789 .0066 1 .0092 .0068 
" . 
FO Ml/ (HO + FE+2) 
95.4.:S .9:> 
94.09 .911 
97 .1 :> .91 
• 
95 .66 .96 
93.99 .94 
92 .10 .92 
93 .99 .94 
95.32 .95 
92.84 .93 
96.72 .97 
94 .46 .94 
94.96 .95 
911.11. .94 
9!1.97 .9; 
AN AL. IS IS CO DE MJO AL203 
'-1 B6RS CL-1 1 52.00 .03 
1.8577 • 0008 
B6RS a.-1 2 52.08 .02 
1.8573 .0005 
B6RS Q.-1 3 53.25 ·o.oo 
1.8819 0.0000 
B6RS Cl.-2 53.13 o.oo 
1.92b7 0.0000 
B6L7 Cl.-1 1 50.65 o.oo 
1 .8150 0.0000 
B6L7 a.-1 2 51.23 .02 
1.84ll3 .0006 
B6L7 Q.-2 51.91 .03 
1.9011 .0009 
: ' 
... 
TABLE 5-12 
ELECTRON HICROPRCl3E ANALYSES OF OLIVINE GRAINS 
BODY 6, LEVEL 7 3b 
TI02 HNO CR203 FEO NIO sm2 CAO 
.14 .08 .08 5.70 .40 :.~.95 o.oo 
.0025 .0015 .0015 .1141 .00·76 1.0052 0.0000 
.20 .01 .01 5.68 .37 42.0~ o.oo 
~0037 .0013 .0003 .1136 .0071 1.0060 0.0000 
o.oo .14 .Ob 5.67 .35 41.99 .13 
050000 .0029 .0011 .1124 .OOb8 .9954 .0034 
.12 .01 o.oo 5.23 .21 JJO .25 o.oo 
.0021 .0003 0.0000 .1063 .0041 .9791 0.0000 
o.oo .10 .14 6.90 .24 42.27 .13 
0.0000 .0020 .0026 .13H7 .0047 1.0160 .0035 
.14 .09 .11 1.01 .29 41.05 .53 
.0025 .0018 .0022 .1428 .0056 .9913 .0137 
.17 .23 o.oo 7 .33 · .25 38.84 .32 
.0032 .00118 0.0000 .1510 .0050 .9576 .OOHS 
TOTAL FO Kl/CMG+ FE+2) 
100.37 93 .13 .. .gj 
100.49 93 .11 .93 
101 .61 94 .73 .95 
98.94 96 .68 .97 
100.J&4 90.90 .91 
100.52 93 .17 .93 
99.08 96 .45·· .96 
00 
N 
• 
TPBLE 5-13. 
ELECI'RCN MICROfRCBE ANl1LYSES OF SERPENTlNES mD OU,CRITFS 
/lN/!LYSIS CDIE KiO AL2Cl3 TI02 ffiO CR2Cl3 FOO NIO SI02 CAO 
B5R3 SRJ:11 
mm CL 
B5R3 CL 
B5R3 C[,1 
ffiR3 CL2 
BSR3 CL3 
B,Rl. CL 
37 .09 
2.5541 
43.13 
2.95frl 
35.92 
.5244 
34.20 
9.84~3 
37.08 
.08 
.0045 
.07 
.• 0039 
;}:0 .16 
2 .3531 
10.30 · 
2.3445 
9.39 
.6885 - 2 .1387 
33.39 9.51 
9.6635 2 .1751 .. 
34.80 10.61 
9.9760 2.4035 
34.02 10.29 
.0252 2.3900 
.02 .05 .55 
.0009 .0019 · .0200 
.03 o.oo .19 
.0011 o .·oooo .0012 
o.oo o.oo 5.07 
0.0000 0.0000 .7fr/8 
o.oo .01 5.80 
0.0000 .0020 .8H56 
.06 .01 5.48 
.0023 .0023 .83"/7 
.13 .04 6.22 
.0191 .0065 .9553 
• .• 05 o.oo 5.78 
.0071 0.0000 .8779 
o.oo o.oo 5.17 
0.0000 0.0000 .8081 
2.55 O.Ou 44.89 .OJ 
.0985 0 .0000 2.0737 .0014 
1.49 .33 41.34 0 .oo 
.0572 .0122 l .9U.L9 0 .OOUO 
1.00 .14 31.99 .02 
.• 1638 .0221 · 6 .2~7 .0038 
.97 - .06 34.02 .03 
.1558 .OUH7 6.5691 .0055 
1.11 .20 32.62 o.ou 
.l 7fI7 .0313 6 .3075 o.oouo 
.91 .21 34.55 o.ou 
.1482 .03·29 6.7070 o.oouo 
1.00 .04 33.59 c,•. o.oo 
.1600 .0066 6 .4!>99 o.ouuo 
.82 .08 32.91 .01 
.13!u .0126 6.5067 .0030. 
I 
,, 
85.25 
86.57 
84.29 
85.39 
85.96 
84.96 
85 .86 . 
83.31 
• 
I 
A. 
B. 
' 
. 
. 
.. 
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Photomicrographs of fibrous serpentine (SRP I) and 
platy serpentine (SRP2)' from section 85R3 (L 736). 
A. 
8. 
Plane-polarized light, 2 70X. 
Crossed polars, 2 70X. 
83 
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Si02 in the chrysotile. In the absence of X-ray data it cannot be ascertained · 
whether the SRP 2 grain is ant:~orite or lizardite. 
Analyses of six chlorites are also given in Tab!e 5-13. The number of 
cations was calculated on the basis of 28 Oxygens and the number of (OH) ions 
was taken as 16. All are rich in MgO and have a · high Mg/Fe ratio. They 
generally contain lower Al20 3 and higher Si02 than the Mg-rich chlorite 
analyses in Deer et al. (1962). All the chlorites are chromian (5.07-6.22 wt % 
· Cr 20 3) ·and the difficiency of Al 20 3 is probably compensated by the· presence of 
Cr20 3• In the photomicrograph,s shown in Figure 5-16 they occur along chromite 
grain boundar·~es appear bluish under · crossed polars which distinguishes them 
from the serpentine matrix. Olivines in the dunite are typically very low in 
Al20 3 and their Mg/Fe ratios and Cr 20 3 content much lower than that of the 
. 
analysed chlorites high ·ih Al20 3 (about 10 wt %). The chlorites show these 
chemical differences also . when compared with the analyzed serpentine. It is 
concluded that the chlorites could not have formed b.y isochernical 
metamorphism or alteration of the olivines of the dunite. Chromite appears to 
be the only mineral which could have contributed the Al, Cr, and Mg necessary 
for the formation of the chlorites. Diffusion o( these elements from the chromites 
--
is shown by the slight increase o} Cr/(Cr+Al) and decrease of Mg/(Mg+Fe2+) 
ratios from core to edge of most disseminated grains. High Cr/(Cr+Al), 
. 
Mg/(Mg+Fe2+) ~ariations from core to edge were reported above (Chromite 
.subsection of this chapter) specifically, in B3R5 CR 3, CR 4 and B5L4 CR 3 
grains. Since chlorite is not an important product of serpentinization, it is 
assumed that its formation, as well as that. of the "ferrit- chromit" margins 
around chromite, took place during a prograde greenschist facies metamol)>hism 
84 
, 
FIGURE 5- 16. Photomicrographs showing the chromian chlorite - chromite 
association. Crossed polars, I I OX. 
85 
following serpentinization. The mechanism of such diffusion processes is r.tot clear 
because, where chlorite grains are present they are not closely associated with 
"ferrit-chromit", and where high "ferrit-chromit" was detected it was not 
accompanied by chlori te. 
5.1.5 Sulfides 
Opaque minerals were observed in many ·samples of the chromite bodies. 
They are very tiny and appear isotropic with yellowish color and higher 
reflectivity than chromite. In many cases t.hey are found close to chromite grains 
but they are also disseminated in the serpentinized mass. Their size ranges 
typically from lOµm to 15µ·m but larger sizes up to 70µm were also observed in 
one sample. In the polished thin sections in which they were observed, a 
maximum of about 50 grains were counted per section. These minor opaque 
minerals were examined using EDS and their EDS spectra revealed that they 
are sulfide_ minerals as shown in Figures 5-17 and 5-18. Figure 5-17 shows an 
EDS spectrum of a tiny opaque mineral which suggests a pentlandite with a 
high Co content. Figure 5-18 B shows a BSE image of another opaque mineral 
_/ 
. . 
about 70µm long, which appears white in the vicinity of two chromite grains 
that appear dark gray. The EDS spectrum of this opaque grain (Figure 5-18 B) 
reveals that it represents a Ni sulfide. 
One hypothe~is for the origin of the sulfide minerals in the chromite bodies 
is that the sulfide minerals were produced from the same magma that produced 
the dunite body. The,. sulfide sulfur probably came from sulfur dissolved in the 
magma or from immiscible sulfide dropletes (Page, 1971 ). 
86 
.>· 
FIGURE 5- I 7. EDS spectrum of a Ni-Fe sulfide found in dunite . 
Counting time for EDS 30 sec. 
87 
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A. 
B. 
FIGURE 5- I 8. X-ray scanning photograph of backscattered 
' (8) from a and corresponding EDS spectrum 
found in dunite . Counting time for EDS 30 
88 
electrons 
Ni sulfide 
sec . 
(A) 
"'· 
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5.2 Harzburgite 
5.2.1 Chromite 
Electron microprobe analyses of disseminated chromite grains in harzburgite 
are given in Table 5-14, along with calculated Mg/(Mg+Fe2+), Cr/{Cr+Al) 
atomic ratios. These analyses reveal Mg/ (Mg+ Fe2+) ratios with a range of 
0.52-0.57 which is whithin the Mg/(Mg+·Fe2+) ratio range of 0.46-0.61 for 
disseminated chromite grains from dunite-hosted chromite Bodies 2, 3, 5, and 6. 
' ' 
Cr/(Cr+Al) ratios, however, ha~ a range of 0.61-0.67 which is quite different 
from the range of 0. 78-0.84 revealed for disseminated chr.pmites from Bodies 2, 
3, 5, and 6. Thus, disseminated chromites in harzburgite are richer in aluminum 
and lower in chromium than disseminated chromites found in dunite. Such 
/ 
chemical dependence of the composition of chromite on the host rocks (dunite, 
harzburgite, cumulates) of the Central Vourinos ( area B. in Plate 1) was first 
reported by Harkins, Green, and Moores (1980) and it is shown graphically in 
Figure 5-19. In this figure the typical Mg/(Mg+Fe2+) versus Cr/(Cr+Al) 
analyses plot of chromites in harzburgite (dots) and of chromites in dunite (area 
A) from this study is also included .for comparison. Chromite analyses from 
dunite-hosted Bodies 2, 3, 4, and 5 of this study and chromite analyses from 
the dunite bodies of Central Vourinos (Harkins, Green and Moores, 1980) 
display overlapping fields at the right side of area A in Figure 5-19. This 
overlap of area A represents the field of disseminated chromites (see 
Mg/(Mg+Fe2+) ratios of disseminated chromite in Table 5-6). Chromite analyses 
from harzburgite of this study and chromite analyses from harzburgites of 
Central \lourinos also display .overlapping fields. Chromites from dunite and 
harzburgite of this study show a similar Mg/(Mg+Fe2+) ratio with that of 
89 
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ANALYSIS CODE MJO 
H1 CR 1 11 .41 
4 .3151 
B1 CR 2 11.45 
4.3149 
H1 CR 3 11.53 
4.4269 
81 CR 4 11.44 
4 -352"/ 
H1 CR 5 11.25 
4 .2415 
H2 CR 1 10.91 
4 .125·1 
H2 CR 2 11.27 
4 .2980 
-H2 CR 3 11 .11 
4 .2214 
co H2 CR 4 11.11 
0 4.3814 
H2 CR 5 11.56 
4 .3245 
H2 CR 6 11.57 
4.335b 
H2 CR 7 12.29 
4.5588 
H3 CR 1 11.65 
4.36~7 
H3 CR. 2 11.11 
4 .4458 
H3 CR 3 11.0b 
JJ.1673 
'!'ABLE 5 - I 4 
Fl.ECTRON MICROPROBE ANALYSES OF DISSOONATED CHROMITE GRAINS 
IN H ARZ BUKJ I'fE 
AL203 TI02 HNO CR203 FEO NIO TOTAL 
17.92 .03 .29 50.84 20 .12 .01 100.68 
5.3577 .0061 .0612 10.19!14 4.2b71' .0144 
18.72 .05 .36 49.40 20.93 o.oo 100 .90 
5.5742 .0089 .07t,5 9.8695 4.4238 0.0000 
18.JJ7 o.oo .33 48.39 20.02 o.oo 98.75 
5 .6058 0.0000 .0724 9.8527 4.3113 0.0000 
19.21 .• 05 .28 47.91' 20.48 .08 99.47 
5.7794 .OOH8 .059b 9.6746 4.3713 .0161 
18.35 .02 .27 50.52 20.~9 .02 100.92 
s.41oia .0029 .0589 10.1005 4.3321 .0039 
17.34 .05 .46 52.19 20.11 .03 101.09 
5.186u .OOffl> .0982 10.4694 4.2673 .OOb9 
19.74 .08 .41 "6.90 20.54 .11 99.05 
5.9530 .0147 .0888 9.4887 4.3958 .0220 
18.68 .Ob .39 49.42 20.28 .02 99.96 
5 .60tS8 .0111 .0843 9.9544 4 .3197 .0049 
18.84 .12 .33 50.ll2 19.65 .o~ 101.11 
5.5725 .0230 .0700 10.0050 4.1250 .0097 
,18.15 o.oo .33 51.17 20.57 .09 101.88 
5.36~9 0.0000 .0100 10.1ll77 4.3150 .01ts6 
18.01 .14 .2b 51.1b 20.38 .11 101.63 
5.3350 .0259 .0557 10.1b54 4 .2ts.3U .0216 
20.96 .03 .32 47 .89 19.26 .08 100.82 
6 .1437 .0057 .Ob71 g·.41 b7 4.0052 .0155 
19.80 . .05, .27 48.20 20.90 .Ob 100.93 
5 .8621 .0066 .0571 9.57 JJ~ 1'.39U9 .0127 
18.73 .05 .40 49.18 19.51 .1 o 99.68 
5 .6190 .0061 .0669 g.89'(9 4.1520 .0209 . . 
17 .58 o.oo .2b 51.04 21.79 .09 101 .82 
5.2366 0.0000 .054'/ 10.1978 4 .60b2 .0188 
Kl CR 
--------
--------
Kl + FE+2 CR+ AL 
.54453 .65550 
.54457 .b390b 
.55842 .63736 
.54929 .62603 
.5:i438 .64868 
.52258 .6687 4 
.54487 .61445 
.53362 .63961 
.55319 .64227 
.5!&662 .65412 
.54724 .65582 
.57560 .60517 
.55052 .62025 
.56332 .63788 
.52574 .660'/ 2 
TABLE 5·14(CONTINUED) 
~' 
MG CR 
ANALYSIS CUDE MJO Al.203 TI02 HNO CR203 FEO NIO 
TOTAL ---------- ------
HJ + FE+2 CB+ AL 
H3 CR 4 11.15 18.48 .01 .34 47 .90 
20.81 .o 1 ~8.69 .54213 .634
85 
4 .295'/ 5.6291 .0029 .0734 9.7869 ll.4968 .0026 
H3 CR 5 11 .09 16.95 .08 .36 119.52 2
0.95 .o, 9s.9, .54238 
.66219 
4 .2948 5 .1890 .0148 .0788 10.1717 4 .5513 .002H 
H4 CH 1 11.27 17.89 .05 .29· 49.35 20.6
ll .01 99.57 .54487 .64919 
4.3169 5.4151 .OOts7 .Ob22 10 .0207 4.4333 .0150 
H4 Qc 2 11.39 17.92 o.oo .29 50.30 20.30 
.08 100.28 .54625 .65307 
4.32t>H 5 .381 b 0.0000 .0632 10.1304 4.3211b .0159 
HII C.H 3 11.28 17.2b .Ob .2b 50.0b 20.6
7. o.oo 99.59 ~54517 .6b043 
4.3310 5 .23ts3 .0118 .0557 10.1878 4.4490 0.0000 
H4 CR 4 10.92 17.32 .08 .29 49.10 20.67 
.05 98.41 .53515 .65537 
4.2421 5.31ts8 .0149 .0630 10.1147 ll.5031 .0100 
HII C.H 5 11.38 17.35 ..Ob .37 51.0b 20.22 
o.oo 100 .44 .54617 .6t>37 'l 
ll.325b 5 .2141 .0109 .0801 10 .2920 4 .3120 0.0000 
co H4 CR 6 11.7.
ii .17 .38 .09 .30 51.56 20.114 .06 101 .58 
.55716 .6t>~55 
i-,& 4.4140 5.1644 .0173 .Ob50 10.27'/0 4.3
101 .0127 
H4 CR 7 1 t. 73 17.97 · .Ob .34 50.69 18.55 
.04 99.37 .56 40 ts .65'121:S 
4.4663 s.4081 .0116 .0743 10.2349 3 .9622 .0079 
H4 CH 8 11.58 18.70 .Ob .23 49.83 20.49 
.05 100.93 .54814 .64122 
JJ.3534 5 .5593 .0115 .0481 ~-93~8 4 .3216 .0097 
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FIGURE 5-(9. Plot of Mg/Mg.+Fe2+ versus Cr /Cr+A I for chromltes from dunite 
bodies, harzburgites, and cumulates of Central Vourinos after 
Harkins, Green, and Moores ( 1980 >. . Area -A encloses chromite 
analyses from Bodies 2. 3, 5, and 6. Dots represent chromite 
analyses from harzburgltes of this study. 
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chromites from dunite bodies and harzburgite of Central Vourinos. The former 
\ 
display a wider range in the Cr/ ( Cr+ Al) ratio than the latter, and · both show 
t. 
chemical properties similar to the chromite analyses from cumulates of Central 
Vourinos which show a progressive iron enrichment (lower Mg/ (Mg+ Fe2+) 
ratios) toward higher stratigraphic horizons (Harkins et al., 1980). 
5.2.2 Olivine .A> 
Electron microprobe analysis . of olivines from harzburgite are given· in 
~ 
Table 5-15 with their calculated forsterite 
' 
ccintent and calculated 
Mg/(Mg+Fe2+) atomic ratio. These analyses show a range in forsterite content 
of 89.4-94.6 which overlaps the olivine analyses from the dunite l.)odie which 
where given above in Tables 5-8, 5-9, 5-10, 5-11, and .5-12. Thus, olivines from 
harzburgite of this study appear less forsteritic than those from the dunite body. 
Such chemical variations of olivine within the rocks of Central Vourinos were 
. 
also given by Harkins et al. {1980). as shown graphically in Figure 5-20 in 
which Mg/(Mg+Fe2+) ratios of olivine are plotted against the atomic 
proportions of Ni. In this figure olivine analyses from Bodies ~ 3, 5, and 6 in 
dunite (small dots), and olivine analyses from harzburgite of this study (large 
dots) are also plotted for comparison. Both groups display overlapping fields like 
those from Central Vourinos within the sarhe range of Ni atomic proportion. 
Olivines of th.is· study display a wider range in Mg/(Mg+Fe2+) ratios (actually 
Fo content) than those from Central Vourinos, which show a progressive iron 
-enrichment (lower Mg/(Mg+Fe2+) ratios) 1 at higher stratigraphic horizons 
' 
'-'· 
(Harkins et al., 1980). 
( 
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ANALYSIS CODE MJO AL203 
H1 a.-1 50.77 o.oo 
1.8348 0.0000 
H1 OL-2 119.92 o.oo 
1.84511 0.0000 
H1 Q.-3 50.113 o.oo 
1.8355 0.0000 
H1 OL-ll 50.15 o.oo 
1.8087 0.()000 
B1 a.-s 50.32 .19 
1,8798 .0057 
H2 CL-1 48.68 o.oo 
1,7841 0.0000 
H2 Q.-2 48.74 o.oo 
1 e805b 0.0000 
a.-3 50.23 o.oo 
1,8230 0.0000 
H2 CL-Ji 50 .16 o.oo 
1 .81 !18 0.0000 
CD H2 a.-5 · 50,38 o.oo 
~ 1082115 0.0000 
H3 CL-1 50 .34 o.oo 
1,8318 0.0000 
H3 Q.-2 50.57 o.oo 
1.8261 0.0000 
H3 01.-3 49,77 .02 
1.8326 .0005 
H3 CL-Ji 50.06 .02 
1.7965 ·.oooJJ 
H3 OL-5 49.63 0.0') 
1.83110 0.0000 
84 OL-1 49.28 .03 
1.7932 .0008 
H4 <L-2 50.68 o.oo 
1.8487 0.0000 
84 OL-3 50.18 .02 
1.8113 .0006 
• H4 OL-4 50 .. 28 o.oo 
1.8492 0.0000 
H4 OL-5 50.03 o.oo 
1.8631 0.0000. 
TABLE 5-15 
EJ .t:CTRON HICROPROBE ANALYSES OF OLIVINES 
IN HARZBUHJITE 
TI02 HNO CR203 FEO NIO SI02 
0 .01> .11 o.oo 8.85 .34 40.74 
0.0000 .0022 0.0000 .1794 .0066 .9876 
.05 . .11 o.oo 9.04 .26 39.47 
.0009 .0023 0.0000 .1875 .0053 .978H 
o.oo .13 o.oo 9.23 .40 40.25 
0.0000 .0027 0.0000 .18H4 .0078 .9827 
o.oo .15 o.oo 9.32 .33 41 .19 
0.0000 .0031 0.0000 .1884 .0065 .99t,b 
o.oo .12 .01 8.76 .31 38.21 
0.0000 .0025 .0013 .183b .0063 ,9576 
o.oo .1?. .04 8,89 ,32 41.14 
0.0000 .002b .0008 .1828 .0063 1.0115· 
.18 .20 o.oo 9.05 ,34 40.01 
.0034 .0043 0.0000 .1880 .00f>7 .99112 
.02 .22 .05 8.97 .28 40.70 
.0003 .0045 .0010 .1827 .0056 .9910 
.03 .15 o.oo 9.20 ,30 40.93 
.0006 .0031 0.0000 .1867 .• 0059 ,9934 
.05 , ~ 3 .03 9.31 ,33 40.63 
.0009 .OC2"7 .0005 .1892 .0064 ,9869 
.01 .09 .03 8.88 .34 40.44 
.0012 .0019 .0005 .1812 .OOb6 .9870 
.04 .16 .11 9.11 .33 40.15 
.0008 .0034 .0029 .1845 .OOb4 .9tsb 9 
o.oo , 13 .09 8. 7f> .31 39.96 
0.0000 .0027 .0018 .1809 .OOb1 ,9867 
o.oo .14 o.oo 9.11 .35 41.70 
0.0000 .0029 0.0000 .18Jl5 .OOb8 1 .0039 
o.oo .17 .04 8.80 .27 39.80 
0.0000 .0036 .0008 .1825 .0054 .986b 
.08 .13 .08 , .. 9.33 .35 lf().97 
.0015 .0027 .0015 .1903 .0069 ,9999 
o.oo .14 .05 9.0b .29 39.96 
0.0000 .0030 .0010 .1854 .005b .9778 
o.oo .16 o.oo 9.12 ,34 ll1 • 1 4 
0.0000 .0032 0.0000 .1847 .0067 .99b2 
o.oo .01 .01 9.35 .26 39,Sll 
0.0000 .0015 .0003 .1929 .0051 .9754 
o.oo .12 o.oo 8.92 .24 38.87 
0.0000 .0025 0.0000 .1862 .0048 ,9109 
\ 
\ 
\ 
--:> 
, 
i 
CAO TOTAL FO KJ/ (HO + FE+2) 
.01 100.87 92.34 .9i 
.0018 
o.oo 98.86 92.79 .93 
0.0000 
o.oo 100.43 92.41 .92 
0.0000 
o.oo 101 .15 90 .90 .91 
0.0000 
.07 98.05 94.62 .94 
.0019 
o.oo 99.20 89 .'14 .90 
0.0000 
' 
o.oo '98.53 90 .81 .91 
0.0000 
o.oo 100.48 91,67 .92· 
0.0000 
.05 100.83 91.27 .91 
.0014 
.03 100.88 91.78 .92 
.0007 
.04 100.22 92.13 .92 
.0011 
.OJ& 101.11 91.86 .92 
.0011 
.03 99.0b 92.12 .92 
.0001 
.03 101.47 90,24 .90 
.0001 
o.oo 98,71 92.22 .92 
0.00.00 
.o 1 100.2b 90.02 .90 
.oo~J& 
o.oo 100.18 92.99 .93 
0.0000 
.03 100.99 91.01 .91 
.0007 
o.oo 99.52 92.95 .93 
0.0000 
.05 98.23 93.77 ,94 
.0015 
+ 
C\J a, , .950 
LL 
+ 
c,, 
~ 
'·'"· 
.900 
.002 
• • • 
• • • • •• • • • 
. . . . . .. ··-.. . . 
• .. - ... 
.. . •• 
.004 .006 .008 
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, 
FIGURE 5-20. Plot of Mo/Mo+F e2.+ versus Ni (oto mlc) for ollvlnes from dunite 
· bodies, harzburgltes, and cumulates of Central Vourinos after 
Harkins, Green, and Moores ( I 9 80 ). Small dots represent olivine 
analyses from Bodies 2, 3, 5, and 6. Laroe dots represent olivine 
analyses from harzburQites of this study. 
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5 .. 2.3 Pyroxene 
Electron microprobe analyses of pyroxene from harzburgite in the1 study 
area are given in Table 5-16. Most of these are orthopyroxenes (OPX); only 
two clinopyroxenes (CPX) were detected in sample Hl. All pyroxenes analyzed 
show compositions similar to the compositions of pyroxenes from harzburgites of 
Central Vourinos reported by Harkins et al., (1980), and which are given in 
Table 5-17. Comparison·· between clinopyroxene analyses listed in Table 5-16 
and low-Al clinopyroxene inclusions in chromite grains given in Table 5-7, shows 
that they have similar compositions and they differ only in Cr20 3 and Al20 3• 
The latter are richer in Cr20 3 and poorer in Al20 3 than the former suggesting 
substitution of Cr3+ for Al. 
5.2.4 Minor Opaques 
Minor opaque minerals observed with reflected-light microscopy were 
subsequently examined by EDS with the electron microprobe. In reflected light 
they appear isotropic with a yellowish color and higher reflectivity than 
/ 
chromite. They resemble those sulfide • grains observed in chromite -~odies 
enclosed in dunite. There size ranges from lOµm to 50µm and they are 
·disseminated in the harzburgite with a maximum distribution: of about 30 
counted grains per section. An example of an EDS spectrum of such a minor 
opaque is given in Figure 5-2_1. . The spectrum is of a Ni sulfide. Figure 5-22 
shows a BSE image of anotl1er opaque mineral (white phase) found in the 
interstices of a fractured chromite grain (dark gray phase). It shows an EDS 
spectrum of an Fe oxide which suggests a magnetite with minor amoul)t of Cr. 
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TABLE 5-16 
ELECTRON MICROPROBE ANALYSES OF PYROXENES IN HARZBURGITES 
ANALYSIS CODE MGO AL203 TI02 MNO CR203 FEO NIO SI02 CAO TOTAL 
m CPXl 17 .98 1.18 0.00 -0.00 .43 2.00 o.oo S3 .84 2S.43 100.86 
.9690 .OS04 0.0000 0.0000 .0123 .0603 0.0000 1.9458 .9848 
m CPX2 17.:89 1.19 .08 .09 .ss 1.85 .07 51. 73 25.37 98.82 
.9884 .0519 .0024 .003P .0161 .0575 .0023 1.9173 1.0076 
m. OPXl 34.8S 1.42 0.00 .13 .60 6.02 .02 SS.S8 .86 99.48 
1.8077 .OS8S 0.0000 .0036 .0167 .1751 .0006 1.9341 .0321 
. 
m. OPX2 34.82 1.48 o.oo .18 .S8 .S. 79 .06 S5.13 .81 99.44 
l.8045 .0606 0.0000 .0054 .0159 .1683 .0017 1.9376 .0300 
m OPX3 34.54 1.43 \I 02 .11 .55 5.82 .14 S6.60 .86 100.07 
co 1.7766 .OS81 .ooos .0032 .0150 .1679 .0039 1.9S30 .0318 
.... 
H2 OPll 34.93 1.54 0.00 .18 .61 6.07 .14 55. 78 .44 99.69 
1.8072 .0629 0.0000 .OOS3 .0167 . · .1761 .0041 1.9359 .0164 
H2 OPX2 34.82 1.45 0.00 · .11 .60 5.89 .09 SS.87 .71 99.53 
1.8029 .0593 0.0000 .0035 .016S .1709 .0026 1.9401 .0266 
H2 OPX3 3S.36 1.40 o.oo .04 .56 s. 78 .OS · 56. 77 .77 100.73 
1.8061 .OS66 0.0000 .0012 .0151 .1657 .0013 1. 9449, .0281 
. 
. 
• 
TABLE 5-1 t3( CONTINUED) 
ANALYSIS CODE MGO AL203 TI02 MNO CR203 FEO NIO S102 CAO TOTAL 
H3 OPll 35.0S 1.46 0.00 .13 .49 S.89 .04 SS.61 .53 99.28 
1. 8185 .OS98 0.0000 .0039 .0135 .1715 .0012 1.9374 .0199 
H3 OPX2 3S.31 1.34 .OS .13 .57 6.03 .06 51.0S 1.19 101. 73 
1. 7913 .OS36 .0013 .0037 .0153 .1717 .0016 1.9411 .0434 
H3 OPX3 34.76 1.48 .07 .19 .60 S.19 .11 54.84 .67 98.52 
1.8208 .0615 .0017 .0057 .0166 .1702 .0031 1.9270 .0253 
H4 OPXl 34.96 1.16 .OS .19 .43 S.82 .OS ss.~o .61 98.87 
1.8217 .0479 .0013 .OOS1 .0118 .1701 .0015 1.9430" .0227 
t,C) 
· B4 OPX2 34.24 ,. 1.41 o.oo .23 .S8 ·s.81 .17 S6.17 1.75 100.37 00 \.. . 
1.7637 .0574 0.0000 .0068 .0159 .1679 .0048 1.9410 .0647 
H4 OPX3 3S.61 .88 0.00 .17 .31 S.91 .11 S4.8S .3U 98.20 
1.8734 .036S 0.0000 .0049 .0086 .1742 .0030 1.932S .0114 
• 
:, . 
TABLE 5-17 
ELECTRON MICROPROBE ANALYSES OF PYROXENES IN HARZBURGITES 
FROM CENTRAL VOURINOS (Harkins, et al., 1980) 
258A 258A 282A 282A 
OPX CPX OPX CPX 
Weight Percent: 
MgO 35.3 18.3 34.4 18.6 
Al 203 1.57 0.74 1.02 1 .11 • 
Ti02 0.05 0.03 0.00 0.01 
MnO 0.11 0.07 0 .14 0.09 
Cr2o3 0.37 0.63 0.42 0.70 
FeO 5.9 1.60 6.7 2.39 
NiO 0.05 0.06 0.08 0.08 
Si02 58.3 55.3 57.:, 54.6 
CaO 0.67 24.8 0.82 23.S 
Total 102.32 101.53 100.88 101.08 
,;,,_, 
Number of Cations on the basis of 6(0): 
. 
. Mg 1.77 0.97 1.76 1.00 
Al 0.06 0.03 0.04 0.05 
Ti 0.00 0.00 0.00 0.00 
Mn 0.00 0.00 0.00 0.00 
Cr 0.01 0.02 0.01 0.02 
Fe 0.16 0.05 0.18 0.07 
I~i 0.01 0.00 0.00 . 0.00 
Si 1.97 1.98 1.97 1~96 
Ca 0.02 0.95 0.03 0.91 
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FIGURE 5-2 I . EDS spectrum of a Ni sulfide in harzburgite. 
Counting time for EDS 30 sec . 
100 
A. 
B. 
,·. 
'. 
,, 
. '{, 
/ .. 
. ' 
' ;··• ' . 
· .. ' :i 
FIGURE 5- 22 . X-ray scanning photograph of backscattered electrons (A) 
and corresponding EDS spectrum (B) from an Fe oxide 
(white phase) in harzburgite . Counting time for EDS 30 sec. 
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Chapter 6 
OLIVINE-SPINEL GEOTHE.RMOMETRY 
Geothermometry based on the Mg-Fe2+ exchange between coexisting 
chromian spinels and olivines was applied to chromite deposits of this study. 
The partitioning of Mg and Fe2+ betw(:en coexisting (Mg,Fe2+)(Al,Cr,Fe3+) 20 4 
( spinel) and (Mg,Fe2+) 2Si0 4 (olivine) was first suggested as a potential 
geothermometer by Irvine (1965), and later developed by many others. Ba.sic 
considerations about the poteutial of this geothermometer are given in Appendix 
C. Mineral grains were analysed in pairs of adjacent olivine-chromite grains 
which occur very close together 
~ 
(50-lOOµra) to avoid the posibility · of 
disequilibrium. Olivine-chromite grains in direct contact -could not be found 
because of serpentinization. The microprobe analyses of all pairs analyzed from 
Bodies 2, 3, 5, and 6 of this study are listed in Tables C-1, C-2, C-3, C-4, and 
C-5 of Appendix C. Very low values of Fe3+ /(Cr+·Al+Fe3+), less than 0.05 for 
the V ourinos chromites, justify the use of this geothermometer. Chromite ----
/ 
-
analyse~ in the pairs that correspond to segregated chromite grains are marked 'c,,_ 
I 
by an "S". The results of this· ·application are showr, in the calibration diagram~ 
'· 
by Evans and Frost (1975) drawn separately for: olivine-disseminated chromite 
pairs and olivine-segregated chromite pairs and given as Figure 6-1 and Figure 
6-2, respectively. These show that the temperature of cessation of subsolidus 
equilibration of Mg-Fe2+ ~xchange between olivine and spinel ranged betwee11 
750° · and 850° C. The spread of equilibration temperatures for segregated 
chromites is greater than th~t for disseminated. chromites. However, linear 
isotherms can be drawn in Figures 6-1 and 6-2 with a mean value of 800° 
. C. The isotherms , if drawn, would lack curvature -such as that given 
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Cr I ( Cr+AI ) 
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FIGURE 6- I. Plot of Cr /(Cr+AI) in chromite OQalnst lnK0 of MQ-Fe ·exchanQe 
between ollvlnes and disseminated chromites,. normalized to the 
chromite ferrite ratio of 0.05, and isotherms after Evans and 
Frost ( 1975). The 1,000° C Isotherm Is drawn proportional to 
I /T ~ ·after Ahmed ( I 984). · 
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FIGURE 6-2. Plot of Cr/(Cr+AI) i_n ··chromite· against lnK0 of Mg-Fe2+exchange 
between ollvlnes . and segregated chromltes, normalized to the 
chromite ferrite ratio of 0.05, and Isotherms after Evans and 
Frost ( I 975). The 1,000• C isotherm Is drawn proportional to 
I /T , after ~.hmed ( 1984). 
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experimentally by Engi (1983), and thus, an ideal mixing of Cr and Al in the 
chromite is indicated. A few points pl?tted just across the 700° isotherm 
{Figures 6-1, 6-2) support the conclusion of Henry and Medaris {1980) that 
subsolidus equilibration may continue down to 650°. However, the original 
crystallization temperatures cannot be determined. The olivines of the listed 
pairs display small changes in their forsterite content and Figure 6-1 shows that 
the irtore Fe2+ -rich disseninated chromites reached equilibrium with olivines at 
slightly lower temperatures than the more Mg-rich segregated chromite grains in 
Figure 6-2. 
105 
• 
\ J 
. . 
-, l 
7 .1 Cr-Al Variation 
Chapter 7 
DISCUSSION 
Experimental evidence (Dickey and Yoder, i~72) supports the idea that 
Cr/ Al atomic ratios in chromite decrease with temperature and fractionation of 
the magma. Large-scale Cr-Al variation in the alpine-type ultramafic rocks of 
Burro Mountain, California, was attributed to earlier crystallization of high-Cr 
chromite with respect to silicates and later cry~tallization of high-Al chromite. 
Bimodal Cr-Al variations were shown to occur in segregated chromites of 
individual podiform complexes (Thayer, 1970; Dickey, 1975), and were considered 
to be analogous to the Cr-Al stratigraphic variations in the Sakhakot-Qila 
Ophiolitic Complex, Pakistan (Ahmed, 1984). Deposits larger in size and number 
than those above are, in certain regions ( e.g., the Caribbean or northeast 
Oregon), of the high-Al type, whereas in other regions (e.g., southwest Oregon 
or Sakhakot-Qila) they are of the high-Cr type. 
Another suggesti~n is that the high-Al chromite is cumulate and the high-
Cr chromite is residual after partial fusion. High-Al cumulate chromites were 
reported from Newfoundland (Malpas and Strong, 1975). However, high-Al 
chromite compositions were reported from refractory residual chromites of Japan 
I 
(Arai, 1980) and from mid-Atlantic mantle rocks which were interpreted as 
_future ophiolites (Arai and Fujii, 1978). 
I 
The earlier precipitation of high-Cr chromite in lower zones and high-Al 
chromite in upper zones of a layered complex, is similar to the generally known 
trend of basic magma differentiation. For instance, in . the stratiform Bushveld 
106 
--. 
r -
f 
Complex, Cr in chromite decreases and Fe3+ and Al increase upward in the 
stratigraphic sequence (Cameron, 1975, 1977; Irvine, 1967). Within the mantle-
derived Oman ophiolites, an indication of a general increase in Cr /Fe and a 
decrease in Al20 3 with · increasing depth was found (Brown, 1980). In the 
chromite pods of New Caledonia a similar trend in the segregated chromites was 
reported ( Cassard et al., 1981), but a reverse trend w~ found in the accessory 
chromites of New Caledonia. At Sakhakot-Qila high-Cr chromite occurs in a 
lower zone related to dunites and high-Al chromite in an upper zone related to 
harzburgites and werhlites. 
Chromite compositions of disseminated a11<l segregated grains from dunite 
of this study ( area A of Figure 5-19) do not reveal strong Cr-Al variations. 
Dis!-;erninated chromite grains from harzburgite of this study also do not show 
strong Cr-Al variations in composition ( dots of Figure 5-19). However, strong 
chromite Cr/ Al differences between chromites from dunite and chromites from 
harzburgite of this study do occur. This variation is· not continuous and shows a 
gap in which a similar Cr-Al trend frorri Central Vourinos fits. These variations 
are generally defined by high-Cr chromite from dunites and high-Al chromite 
from harzburgites. Petrography and mineral-chemistry data given in previous 
chapters, indicate that this Cr-Al variation in the studied area, cannot be 
related to the previously proposed concept of earlier crystallization of ~-Cr 
chromite in a lower zone (in this case dur1ite), and later crystallization of high-
Al chromite in an upper zone (in this case harzburgite) due to magmatic 
differentiation. Two ways in which the dunite body of the studied area could 
have originated are ~iscussed below. These two hypotheses were first tested for 
the origin of the dunite bodies of the Tectonite (Ultra,mafic) Zone in Central 
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Vourinos by Harkins et al. ( 1980) and are also examined for the dunite of this 
study. 
The dunite body host of the chromite Bodies 2, 3, 5, and 6 of this study 
could have originated· in one of two way~: as depleted solid residue of a partial 
melting of a parent peridotite or as a direct crystallization product of a magma 
which passed through the harzburgite and gave chromite ores as early fractional 
crystalliz<..,tion products. 
If the dunite body is a residue of partial melting, a physical or chemical 
gradational contact between the pyroxene-depleted dunite ;body and the 
harzburgite would be expected to exist. No gradational contacts of the dunite 
body in the study area were observed and orthopyroxene was not detected in it. 
The existence of low-Al clinopyroxene (HI CPXI, CPX2 in Table 5-16) in the 
harzburgite immediately adjacent to the dunite body shows that, if the dunite 
was formed by depletion of a parent peridotite, the chemical gradients detected 
are incredibly steep, and this is to difficult to reconcile with a partial melting 
model. 
A magmatic (liquid) origin of the dunite body can explain the sharpness of 
the contacts and the surrounding character of the harzburgite. The dunite of the 
study area could be the crystallization product formed during passage of magma 
through the harzburgite. 
In Central Vourinos sharp contacts were also reported between the dunite 
bodies and th~ harzburgite. Harkins et al. (1980), reported complete lack of 
pyroxene within the dunite bodies which in places appear dike-like in shape. 
They also reported sharp contacts between the harzburgite and the lowest 
. cumulates which appear in that area. They suggested that both dunite bodies 
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and lower cumulates of Central Vourinos are of magmatic origin, with the same 
chromite and olivine compositions (Figures 5-19 and 5-20). In Central Vourinos 
a Cr-Al variation in chromite with Cr/ ( Cr+ Al) ratio decreasing from lower 
cumulates to upper cumulates is shown in Figure 5-19. This variation is 
. 
consistent with the hypothesis that Cr-rich chromite crystallized at higher 
temperatures by fractional crystallization and Al-rich chromite crystallized later 
at lower temperatures. 
7.2 Chromite Textures 
Textures of chromite ores enclosed in the dunite, which include the 
·-
disseminated, schlieren or banded, and massive textures, are usually regarded as 
magmatic (Thayer, 1964, 1969; Mukherjee, 1969; Mukherjee and Haldar, 1975;. 
Greenbaum, 1977). The proportion of chromite to silicates. in podiform masses 
ranges from nearly 100 ,percent chromite · in massive ores to a few percent of 
chromite in disseminated ores. The disseminated ores commonly grade into 
normal duriite with disseminated chromite or -chromite schlieren. Schlieren or 
/ 
-
banded text11re, in some :~ases, is considered to be tectonic in origin (Dickey, 
1975) and explained by shearing or granulation (Thayer, 1969; Greenbaum, 
1977) or mechanical flow.· Large, massive pods of virtually pure chromite are 
probably evidence for crystal settling in a magma, as no tectonic process 
capable of producing such bodies of massive chromite has been· recognized. 
Compositonal data for the disseminated and segregated chromites given in 
the Mineral Chemistry chapter of this thesis supports the view that both formed 
from the same magmatic liquid. They show O'similar Cr and · Al contents and 
differ only in Mg/Fe2+ ratio. These differences ·may be explained by the 
requilibration model based on different chromite silicate ratios as suggested by 
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Irvine ( 1967). 
7.3 Mg-Fe2+ Variation and Reequilibration 
The segregated chromite populations possess a higher !v1g/ (Mg+ Fe2+) than 
-
the disseminated ones, with almost no differences · between their trivalent cations 
(Figures 5-2 - 5-6). Variations of a smaller magnitude but of similar trend, was 
found in associated olivine which is more forsteritic in the segregated (Mg-rich) 
chromite than in the disseninated (Fe-rich) chromite as shown in Tables 1 - 5 
of Appendix C. 
It appears that the Mg-Fe2+ variations in chromite and the associated 
olivine reflect changes that occured just after the fractional crystallization of the 
magma and continued down to the subsolidus stage. Very often there is an 
increase of chromite grain size with insreasing chromite/silicate'-Vatios. Thus, 
the Mg-Fe2+ variation between the segregated and disseminated chromites may 
possibly reflect the changes due to subsolidus reequilibration between chromite 
""!_ ... 
·-... 
and olivine, as proposed by Irvine (1965, 1967). Subsolidus reequilibration is 
-
suggested lly temperatures obtained from olivine-spine} geothermometry (Figures 
6-1 and . 6-2), as well as the slightly more forsteritic composition of olivine 
inclusions in chromite relative to the interstitial olivine relicts. Thus, Mg-Fe2+ 
differences between segregated ore-forming and disseminated chromites appear to 
arise from reequilibration after they were crystallized and do not reflect 
magmatic temperature differences. Even if they equilibrated with olivine during 
the magmatic stage, the higher Fe/Mg . of the disseminated chromites implies 
lower temperatures compared to the segregated ore forming chromi tes ( e.g. 
Jackson, 1969). Thus, evidence from Vourinos seems to contradict the hypothesis 
· of Marakushev ( 1979) that liquid immiscibility causes the separation of ore 
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forming magmas from the ultramafic silicate melts and that the lower Fe/Mg of 
.:, 
the ore-forming chromite results from its later crystallization at much lower 
temperatures than the host rock and its disseminated chromite. 
In many alpine-type complexes, the ratio Mg/(Mg+Fe2+) of both chromite 
and olivine is higher for chromitites than other ultramafic rocks with accessory 
chromite (e.g., Arai, 1980). The V ourinos Complex displays this relationship 
. 
more clearly for olivines (Figure 5-20) than for chromites (Figure 5-19). 
7 .4 Cr-Mg Variation 
The overall compositional field of chromite from most alpine-type cmplexes 
shows decreasing Cr/(Cr+Al) with increasing Mg/(Mg+Fe2+) ratios (Irvine and 
Findlay, 1972; Greenbaum, 1977; Malpas, 1978; Leblanc et al., 1980; Ahmed, 
1984). However, a covariant increase or decrease of these ratios is shown in 
chromite between the different §tratigraphic zones in stratiform complexes, e.g., 
the Bushveld Complex (Cameron, 1975, 1977), the Panton Sill (Harnlyn and 
Keays, 1979), and the Stillwater Complex (Jackson, 1969). Oen et al., (1979) 
/ 
-
demonstrated such a trend in tli~ podiform chromite deposits of Malaga, Spain, 
and was related to the initial compo:·:;ition of magmas. 
Composition of chromites from dunite and harzburgite of this study does 
not show a covariant increase or decrease of Cr/(Cr+Al) and Mg/(Mg+Fe2+) 
ratios. However, in the Central Vourinos (Harkins et al., 1980) this trend can 
be seen for the chromites of the cumulate sequence (Figure 5-19), showing that 
Cr-rich accessory chromites are Fe-depleted to a greater degree than Al-rich 
··accessory chromites. In the accessory chromites of the cumulate section of the 
Canyon Mountain Ophiolite, Oregon (Himmelberg and Loney, 1980) the trend is 
similar. 
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Chapter 8 
CONCLUSIONS 
Conclusions from this study of chromian spinel composition· as a significant 
petrogenetic indicator are as follow: 
1. Th~ dunite · host of the chromite deposits of Skou1ntsa - Xerolivado 
Mines is magmatic anq. may, by analogy i~1ith intrusive dunite bodies 
of Central Vourinos, represent the crystallization product left behind 
during passage of basaltic. magma through the harzburgite. 
2. Chromite textures· are considered to be primary features, which 
resulted from crystallization from a magma. 
3. The chromite in the deposits is high-Cr chromite with an average 
molecular composition given by the formula 
(Mg_62 ,Fe_382+)(Cr_ 75,Al_ 19,Fe_063+) 20 4 and is classified a.s aluminous 
chromite of metallurgical grade. 
4. On conventional Cr/(Cr+Al) vs. Mg/(Mg+Fe2+) and wt % total Fe 
vs. wt % Cr 20 3 diagrams Fhese chromites generally plot in the 
overlapping field of alpine-podiform and stratiform complexes but 
mainly in the alpine-podiform field. However, the Cr-Al-Fe3+ + Ti Jitjk)t 
of the chromites shows clearly_ their relationship with aJpine-podiform 
types. 
5. Chemical parameters, such as= .... high chromium content ( >46 wt % 
Cr20 3 and Cr/Fe > 2/1), total iron content below 20 percent, 
constancy of Fe2+ /Mg atomic ratio, low Fe20 3 ( <8 wt %), and Ti02 
<0.3 wt %, strongly support their alpine-podiform type character . 
. 
6. "Ferrit-chromit" zoning of chromite grains is not intense, and, in the 
few cases that it was found, appears as outer ·margins of grains lower 
in Mg/(Mg+Fe2+) and higher in Cr/(Cr+Al). These zones are 
probably related to, the formation of chromian chlorites developed by 
• • l 
hydrothermal alteration of the chromites. 
7. The electron ~icroprobe analyses of the relatively coarse-grained 
segregated chromite· compared with those of the relatively fine-grained 
disseminated chromite are similar in trivalent cations but differ in 
bivalent cations~ The Mg/(Mg+F·e2+) ratio is higher in the 
segregated chromite than in the disseminated chromite. 
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8. Lower Mg/(Mg+Fe2+) ratios - in disseminated chromite reflects the 
loss of some Mg and gain of some Fe during subsolidus 
reequilibration with the surrounding olivine (Irvine, 1976). 
9. The olivine-spine! geothermometry diagrams (Evans and Frost, 197 5) 
show an average temperature of cessation of the Mg-Fe2+ exchange 
--· ( equilibration) between the two minerals of 800° C, with a possible 
continuation of Mg-Fe2+ exchange as low as 700° C . 
,_ 
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Appendix A 
Standards Used for Microprobe Analysis 
·--
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Mineral 
Chromite 
Olivine 
TABLE A-1 
STANDARDS USED FOR MICROPROBE ANALYSIS 
No. 
7 
9 
I.G.M.E. - Athens 
Elements 
Cr ,Al ,Fe 
Mg,Mn,Ti,Ni 
Si,Ca 
Al 
Mg 
Fe,Mn,Ni,Cr 
Ti 
122 
• 
I I 
Standard 
Chromite 
Olivine 
Corundum 
Perie lase 
Metallic 
Rutile 
Fe,Mn,Ni,Cr 
·t 
. , 
(' 
TABLE A-.1 (continued) 
Dept. of Metallurgy and Materials Science, Lehigh University 
Mineral 
Chromite 
Olivine 
,r< 
, I 
No. 
7 
9 
Elements 
Cr,Al,Fe,Mg 
Mn 
Ti 
Ni 
Si,Fe,Mg 
Ca 
Mn 
Ti 
Cr,Al 
Ni 
,· 
•, 
--
123 
Standard 
Chromite, Tiebaghi Mine, 
New Caledonia (USNM 117075) 
Ilmenite, Ilmen Mtns., 
Miask, USSR (USNM 96189) 
' Hornblende, Kakanui, 
New Zealand (USNM 143965) 
Pure NiD (Dept. of Metallurgy) 
Olivine (Fog3), Springwater 
meteorite (USNM 2566) 
~~ 
Pyrope, Kakanui, 
New Zealand (USNM 143968) 
Ilmenite, Ilmen Mtns., 
Miask, USSR (USNM 96189) 
Hornblende; Kakanui 
New Zealand (USNM 143965) 
~ 
Chromite, Tiebaghi Mine, 
New Caledonia (USNM 117075) 
Pure NiO (Dept. of Metallurgy) 
. 
.. 
TABLE A-2 
CHEMICAL COMPOSITION (WT%) .OF STANDARDS USED FOR MICROPROBE ANALYSIS 
Standard Si02 AI 203 Fe2o3 FeO MgO CaO Na20 K20 Ti02 MnO 
Cr2o3 H2o TOTAL. 
Chromite1 9.92 13.04 15.20 19.09 0.11 60.S 98.77 
(USNM 117075) 
..,, 
Hornblende 40.37 14.90 3.30 7.95 12.80 10.30 2.60 2.05 4.72 ·o. 09 0.94 100.02 
(USNM 143965) 
I1menite2 11.6 36.1 0.31 45.7 ·4. 77 99.40 
(USNM 96189) / ' 
Olivine (Fo83 ) 38.95 16.62 43.58 0.30 0.02 99.47 ... 
~ (USNM 25'JS) • 
~ 
Pyrope 41.46 23.73 
.. 10.68 18.51 5.17 0.47 0.28 0.01 100.30 
(USNM 143968) 
1 Total Fe reported as FeO 
2 Nb2o5 0.92 
. " 
', 
..... 
Appendix B 
Atomic . Ratios fr1om Microprobe Analyses 
of Chromite Grains 
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TABLE B-1 
CALCULATED·ATOMIC RATIOS FROM ELECTRON MICROPROBE ANALYSES OF CHROMITE GRAINS 
BODY 2. LEVEL 116 
CR CR AL MG CR 
ANALYSIS CODE -- --~--------------- -------------- ------~-- -------
FE CR + AL + FE+3. CR + AL + FE+3 MG + FE+2 CR + AL 
B2Rl CR 1 2.88468 • 7 8 87 S .17 981 • 5 80 40 .81435 
B2R1 ·CR 2 s 2.98585 • 7 7 85 0 .1806 3 .63401 .81168 
B2R1 CR 3 ,, s 3 • 0 .. 92 7 1 • 7 85 2 5 .1823 8 • 6 206 9 .81152 
B2R1 CR 3 s 3.00656 • 7 86 44 .17 86 3 e 613 6 2 .81491 
B2R1 CR- 4 2.86977 • 7 92 90 .16958 .59485 • 823 81 
B2R1 CR S s 3. 3 3 S 86 • 7 94 91 .17 216 • 6 43 2 8 • 3··219 s 
B2R1 CR 5 s 3.03709 • 7 8417 .17666 • 6 3 486 .81614 
B2R1 CR 6 s 3.02923 • 7 7 86 4 · .17300 .65962 • 81821 
B2R1 CR 7 2.91155 .80675 .16526 • S 5 842 .82999 
B2R1 CR 8 1 3 .01748 .7967/4 .16542 ~61595 • 82 80 8 
B2Rl CR 8 2 2.84823 • 7 85 3 2 .17317 .60116 .81933 
B2Ll CR 1 1 2.64779 • 7 80 6 3 .190 94 .53244 • 803 47 
B2Ll .CR 1 2 2.70306 • 7 8200 .190 6 3 .53994 .80401 
B2Ll· CR 1 3 2.60267 .76544 .19213 .57552 • 7 993 6 
' 
B2Ll CR 1 4 2.67138 • 7 6 819 .19719 .S6SS5 0 7 95 7 4 
B2L1 CR 2 1 2·.69454 • 7 56 7 5 .21050 .57319 • 7 823 7 
B2Ll·CR 2 2 2.75146 .78131 .18719 .56109 .80672 
B2Ll CR 2 3 2.61403 • 7 7 83 3 .19110 • S 2 841 • 3·02 88 . 
B2L1 CR 3 s 3.04342 e 7 90 26 .19029 • 57031 • 80594 . 
B2Ll CR 3 s 2~99693 • 7 83 6 8 .193 92 .57614 .80163 
B2Ll CK 4 2.46066 • 7 83 71 .182-7 4 .4 9 812 .-810 92 
B2L1 CR S s 3.36032 • 7 7 416 .196 S1 • 6 52 81 • 7 97 so 
B2L1 ·cR 6 s 3.42645 . • 7 7 43 7 .196 40 • 6 55 86 • 7 97 6 9 
B2Ll Clt 7 s 3.47062 • 7 816 4 .19071 • 6 s~ 93 • 803 87 
B2Ll CR 8 s 3.51557 • 7 8617 .18824 • 6 5343 • 806 81 
I 
,. 
'• 
', 
\ TABLE 8-1 (CONTINUED) 
CR CR AL MG CR 
ANALYSIS CODE --
_____ _. ___ ,... ____ ___________ __. ___ 
----------
---~---
FE CR + AL + FE+3 CR +AL+ FE+3 MG + FE+2 CR + AL ( 
B2R2 CR 1 2.74532 • 7 8188 .19250 .54220 .80244 
B2R2 CR 2 2.90638 .79012 .18318 .S6921 .81179 
B2R2 CR 3· 2.71354 .79228 .17658 • S 43 S 9 .81774 
B2R2 CR 4 2.87810 • 7 9221 • 18928 .53700 . • 8071 S 
B2R2 CR s 3.28832 .76705 • 20 94 8 • 6 326 S • 7 85 4 8 
B2R2 CR 6 s 3.30048 • 7 S 811 .21552 • 6 3 97 4 • 7 7 86 4 
B2R2 CR 7 s 3.29110 .76174 .21396 .63329 • 7 8071 
i,...l 
· B2R2 CR 8 s 3.33761 • 7 55 86 • 2183 5 • 6 497 6 • 7 7 5 87 N 
~ B2R2 CR 9 s 3.32881 • 7 7 03 3 .20688 • 6 27 85 • 7 882 9 
B2L3 CR 1 2.22766 .77519 .18184 . .47172 .81000 
B2L3 CR 2 2.17624 .76629 ., .1916 5 .4S903 .79993 
B2L3 CR 3 2.51524 .77730 .17674 .55568 .81474 
B2L3 CR 4 s 2.91960 • 7 83 61 .184 87 . 5 86 92 .80911 
,:, 
B2L3 CR s s 3.39507 • 7 7 2 93 .19450 • 6 67 42 .79895 
B2L3 CR 6 s 3.13068 • 7 6 80 0 .187 22 .67014 .80400 
B2L3 CK 7 s 3.27701 • 7 7 971 .1882 6 --- • 6 4S 45 .80551 
B2R4 CR 1 2.89108 • 807 27 .16765 .54776 .82804 
B2R4 CR 2 2.54400 • 7 803 9 .19S 13 • 4 96 S3 .79998 
. 
B2R4 CK 3 s 3 • 3., 23 9 • 80 884 .16 43 7 • 6 297 0 .83111 
B2R4 CR 4 s 2.98116 • 7 95 2 9 , 
· l727 9 • 5 90 84 .82152 
B2R4 CR S s 3 .3S390 .80628 .\j, 6725 • 6 27 85 • 82 820 
B2LS CR· 1 2.34936 • 7 82 71 .18008 • 4 82 5 4 ~81296 
B2LS CR 2 2.58837 • 7 84 91 .182 7 3 • S 246 8 .81116 
B2LS CR 3 s 2.98489 ' • 7 8447 .18403 • S 9918 .80999 
B2LS CR 4 s 2 .95993 • 7 87 59, .180 95 .59112 .81317 
--~-. 
.. f' 
/ 
ANALYSIS CODE 
B2LS CR s s 
B2R6 CR 1 
B2R6 CR 2 
B2R6 CR 3 s 
B2R6 CR 4 s 
B2R6 CR s s 
CR 
--
TABLE 8-1 (CONTINUED) 
CR AL MG . 
' 
., 
CR 
_____ _. ___ ..., __________
_________ ,_. 
--------- -------
FE CR+ AL+ FE+3 CR+ AL+ FE+3 MG+ FE+2 CR+ AL 
2.81126 • 7 893 8 .18261 • S 5716 .81213 
2.64196 .76139 .20670 .SS331 • 7 86 49 
2.59944 • 7 6 26 4 .20400 • S 47 3 8 • 7 8896 
3.51090 .76440 .20947 .67001 • 7 84 91 
3.53792 • 7 6 6 80 .20201 • 6 8571 .79149 
3.87595 .80010 .18197 .66785 .81471 
I 
ll 
.... 
N 
co 
. 
TABLE B-2 
CALCULATED ATO~IC RATIOS FROM ELECTRON MICROPROBE ANALYSES OF CHROMITE GRAINS 
BODY 3, LEVEL·716 
.AN ALYS IS CODE 
B3R1 CR 1 1 
B3Rl CR 1 2 
B3R1 CR 2 s 
B3R1 CR 3 s 
B3R1 CR 4 s 
B3R1 CR s s 
B3Rl CR 6 s 
B3L2 CR 1 s 
B3L2 CR 2 
B3L2 CR 3 
B3R3 CR 1 s 
B3R3 CR 2 
B3R3 CR 3 
B3R3 ·CR 4 s 
B3R3 CR s s 
B3L4 CR 1 1 
B3L4 CR 1 2 
B3L4 CR 2 
B3L4 CR 3 
~3L4 CR 4 s 
BJL4 CR s s 
B3R5 CR 1 1 
B3RS CR 1 2 
B3R5 CR 2 1 
B3R5 CR 2 2 
CR CR AL MG CR 
-- -------------- -----------
--- ---------- _____ _. .... 
FE CR+ AL+ FE+3 CR+ AL+ FE+3 MG+ FE+2 CR+ AL 
3.27098 • 7 96 44 
3.12226 • 803 81 
3.56050 .77881 
3.58222 • 7 943 8 
3.56778 .78563 
3 • 07 97 0 .78958 
3.20634 .76322 
3. 6184 8 • 7 843 0 
2.99863 .78418 
2.95617 .79517 
3.48244 .77398 
2. 5 67 9-5 • 7 6 07 2 
2. 7 82 7 6 • 7 7 7 96 
3.47857 • 7 8113 
3 .58674 • 7 816 3 
2.28751 • 7 6 244 
2.5234S • 7 803 8 
2.50S26 • 7 93 02 
\ 
2. 6 67)82 .77169 
3.08807 .77237 
2.75941 .1699S 
2.81244 • 7 7 6 01 
2.87375 • 7 80 42 
2.77502 .79020 
2.52410 .77277 
I 
I 
'I 
.1917 0 
.187 94 
.20378 
.184 82 
.196 3 3 
.18610 
.20594 
.19718 
.19592 
.192 89 
.20105 
.20248 
.18926 
.18453 
.189 9 8 
.1887 9 
.187 81 
.17467 
.192 80 
.1890 4 
.1 8198 
.1907 4 
.180 56 
.17990 
.1917 S 
• 5 7 6 41 .80600 
• 5 40 87 .81U50 
.63737 .79261 
• 6 40 98 .81126 
.63524 .80007 
.S8874 .80926 
• 6 442 2 • 7 87 51 
.64498 ~ 7 9910 
·• 5 6 83 9 .80011 
• 5 294 9 • 8047 8 
• 6 56 3 3 • 7 93 80 
.5·5468 • 7 897 8 
.57375 .80432 
• 6 8116 .80891 
.67123 .80447 
.52003 .80153 
• 51-3 31 .80602 
.S0049 • 8195 0 
.56001 .• 80010 
• 6 47 42 .80337 
.62058 .80883 
~ 5 806 5 • so·21 o 
. 
· .60172 .81210, 
.S5590 .8145S 
• S 2 894 .80119 
11 '. ,· 
I • 
• 
TABLE 8-2 ( CONl.lNUED) 
CR CR AL MG CR 
ANALYS 18 CODE -- ---------------- ----~-- ... --------- --------- __ _. ____ _ 
FE CR+ AL+ FE+3 CR+ AL+ FE+3 MG+ FE+2 CR+ AL 
B3R5 CR 3 1 2.49937 .76592 .185 6 9 .56760 .80486 
B3R5 CR 3 2 1. 7 57 46 .82619 - • 0 8413 • 3 8180 • 9 07 5 8 
B3R5 CR 3 3 1.74204 .84450 .OS473 • 3 903 7 .93914 
B3RS CR 4 1 2.567'78 .76699 '1 .19577 .54770 • 7 966 6 
B3R5 CR 4. 2 2.16793 .89428 • 0 807 0 • 3 017 0 • 917 23 
B3R5 CR 5 s 3·.02954 .77636 .18713 • 6 2871 .80578 
B3R5 CR 6 1 2.21370 • 7 3 40 9 .21128 • S 3 803 .776Sl 
.... B3R5 CR 6 2 2.80801 .793SS .17491 • S S1 42 • 8193 9 ~ 
0 B3R5 CR 7 1 1.62759 .12S34 .148 82 • S 37 03 .82976 
B3R5 CR 7 2 2.87215 1 • 7 87 54 .183 Sl • 5 7 23 9 .81102 
B3L6 CR 1 s 3.4S6S1 .79840 .18215 • 6 217 9 .81424 
B3L6 CR 2 s 3.21586 .77364 .193 7 3 • 6 42 85 • 7 997 3 
B3L6 CR 3 s 3 .24087 • 7 7 86 5 .196 O 8 • 6 23 44 • 7 98.84 
B3L6 CR 4 s 3 .39358 • 7 843 4 .19611· .621.69 .19998 
B3L6 CR s 2.75156 .78851 .1843 7 • 5 427 8 .81049 
B3R7 CR 1 1 2.56833 • 7 93 67 .183 20 • 4 87 7 9 .81246 
B3R7 CR 1 2 2.55024 .1893S .18429 .49596 .81072 
-· .. 
B3R7 CR 2 1 2.60215 • 7 816 4 .183 S3 .53745 • 80984 
B3R7 CR 2 2 2.70470 • 7 8313 .185 71 • S 46 43 • 80 83 2 
B3R7 CR 3 s 3.47123 • 7 7 26 6 .197 0 8 • 67 26 9 .79677.· 
B'3R7 CR 4 s 3 .4 8577 • 7 7191 .2007 5 .66649 • 7 93 61 
B3R7 CR s s 3 ,e 8457 2 • 7 83 7 8 .19875 .667.89 • 7 9771 .. 
• B3R7 CR 6" 1 2.5696S • 7 6 42 S .19204 .57247 • 7 9918 
,. I·; 
B3R7 CR 6 2 2.68996 • 7 7 3 57 .190 80 .S663S .80215 
• .... I . . . 
... 
ta-
w 
~ 
• 
TABLE 8-3 
CALCULATED ATOMIC RATIOS. FROM ELECTRON MICROPROBE ANALYSES OF CHROMITE GRAINS 
BODY s. LEVEL 716 
CR CR AL MG CR 
ANALYSIS CODE -- --------------- --------------·---- ------------- ___ .. ___ _ 
FE CR+ AL+ FE+3 CR+ AL+ FE+3 MG+ FE+2 CR+ AL 
B5R1 CR 1 1 2.56407 • 7 6 44 9 .197 22 • S 53 06 .79493 
BSRl CR 1 2 2.42025 • 7 5923 .197 3 2 .S3894 • 7 93 71 
B5Rl CR 1 3 2.33122 .74600 •. 19921 • S 5189 • 7 8925 
B5R1 CR 1 4 2.30158 .76144 .1987 9 • 4 944 8 • 7 9297 
BSRl CR 1 s 2.54866 • 7 6 85 6 .1966 4 .53656 • 7 9627 
B5Rl CR 2 s 2.82895 • 7 5 820 .20273 .61i33 • 7 8903 
B5Rl CR 3 1 2 .67 833 • 7 67 92 .1953S .57155 • 7 97 20 
B5R1 CR 3 2 2.55557 • 7 67 97 .196 54 • S 4117 • 7 96 23 
B5Rl CR 4 1 2.67139 .77551 .19259 .• 54928 .80107 
BSRl CR 4 2 2.64547 • 7 7 223 .1946 6 .54958. • 7 98'67 
BSRl CR S ·S 2.69147 • 7 6 24 9 .193 S S .59736 • 7 97 ss 
BSL2 CRJl 2.16192 • 7 3 83 7 .20497 • S 26 27 • 7 82 7 2 
B5L2 CR 2 s 2.61161 • 7 5716 .193 31 .60295 • 7 966 2 
B5L2 CR 3 1 2. 3 915 4 .76375 .18968 .S3890 .80105 
B5L2 CR 3 2 2.50081 • 7 7 43 6 .18618 .S3354 .80617 
B5L2 CR 3 3 2.40929 • 7 5441 .20042 • S 43 80 • 7 9010 
B5L2 CR 4 2.34492 .76545 .193 82 .S07S4 • 7 97 95 
B5L2 CR.5 1 2.56t538 • 7 607 4 .19803 .56772 • 7 93 4S 
B5L2 CR S 2 2.S06SS • 7 543 0 .20233 .S6240 .78850 
B5R3 CR 1 s 2.88637 .76591 .197 31 .61070 • 79516 I 
B5R3 CR 1 s .. 2. 7 8215 .77751 .18806 • 57 801 .80523 
B5R3 CR 2 s 3.02554 • 7 6 85 2 .20380 • 6 06 3 3 ,.79040 
B5R3 CR 3 s 3.22941 • 7 6 23 2 .203S9 ,. 6 S 831 • 7 8922 
B5R3 CR 4 s 
(' 2$82145 • 7 53 7 6 ·.2043 2 • 6 2194 . • 7 867 4 
. .78956 B5R3 CR 4 s 3.10482 .76980 ·• 20517 • 6 ... 087 3 · 
,_/ 
#. . 
TABLE B-3 ( CONTINUED) 
' 
CR CR AL J MG CR 
ANALYSI~ CUDE --
------------~-- -------------- ----------
-------
FE CR +AL+ FE+3 CR+ AL+ FE+3 MG+ FE+2 CR+ AL 
~ 
BSL4 CR 1 s 3.47898 .76650 .19767 • 6 93 43 • 7 94 9 9 . 
BSL4 CR 1 s 3.48690 .80284 .16670 • 65661. .82806 
BSL4 CR 1 s 3.45208 .78915 .17 922 .66607 .81493 
BSL4 CR 2 s 3.37002 • 7 57 0 8 .20454 .69347 • 7 87 3 0 
BSL4 CR 2 s 3.32427 • 7 56 92 .20498 · • 6 87 05 • 7 86 90 
B5L4 CR 3 2 2.22745 .81696 .13 481 • 4 5181 • 8 S 83 6 
BSL4 CR 3 1 2.44560 • 7 8261 .17 7 40 .S11SS .81521 
... BSRS CR 1 1 2.78622 .16SS5 .19250 .60921 • 7 9907 
w B5R5 CR 1 2 2.85898 • 7 7 807 .18862 • S 8141 .80488 N 
B5R5 CR 1 3 2.66480 • 7 7 818 .1 7 981 .• 57732 .81231 
B5R5 CR 2 s 3.47876 • 7 6 906 .20041 .67528 • 7 93 2 8 
BSRS CR 3 2.75302 • 7 6 43 8 • 2 03 0 6 .57466 • 7 9010 
B5RS CR 4 2·.75756 • 7 6 803 .187 87 .60892 • 803 47 
B5R5 CR 5 s 3.13140 • 7 6 82 2 .198 87 .63,83 8 • 7 943 6 
r, 
B5RS CR 6 .S 3.24908 .77884 .19443 .62993 .80023 
B5L6 CR 1 1 2.61798 • 7 6 906 .1943 6 • S 56 6 9 .79826 
B5·L6 CR 1 r2 2.66929 .76162 .20122 • 57 44 8 .79101 . 
B5L6 CR 2, 1 2.60857 .74957 .2·1337 • 5 7143 • 7 7 842 
BSL6 CR 2 2 2.58819 .75523 .20236 • 57 915 • 7 886 8 
BSL6 CR 2· 3 2.42902 .75113 · .20337 .55428 • 7 86 93 
B5L6 CR 2 4 2.64553 .77176 .20086 .53298 • 7 93 4 8 
B5L6 CR 3 2.23714 .75988 .18916 • S 1.3 71 • 8006 ~ 
B5R7 CR 1 2 .1~3 53.2 .75919 .1827 S • S 0415 .80598 
B5R7 CR 2 2.42046 .76146 .189 97 .55401 .80033 
. BSR7 CR 3 .s 3.23494 • 7 86 3 2 .189 91 • 61531 .80,41 
TABLE 8-4 
CALCULATED ATOMIC RATIOS FROM ELECTRON MICROPROBE ANALYSES OF CHROMITE GRAINS 
BODY 5 , LEVEL 7 3 6 ,. 
CR CR AL MG CR 
ANALYSIS CODE -- _________ .., __ _...__ ---------~--------- --------- --------
FE CR+ AL+ FE+3 CR+ AL+ FE+3 MG+ FE+2 CR+ AL 
BSRl CR 1 s 3 .34968 .7653() .20150 • 6 6 893 • 7 91 S 8 
B5R1 CR 2 s 3.35437 • 7 53 97 .212·32 .67393 .77987 
B5R1 CR 3 s 2 • 8 6 6 80 .76349 .19 87 2 .61237 • 7 93 47 
B5R1 CR 4 s 3 .4S082 • 7 7189 • 20 83 0 .63748 • 7 87 49 
BSR1 CR 4 s 3.67.402 .80391 .187 23 .61387 • 8·110 9 
BSRl CR s 1 3.10417 • 7 82 7 5 .20714 .5SS68. • 7 907 4 
BSRl CR s 2 2.90097 .81467 .17654 .49493 .82190 
... BSRl CR s 3 2.89361 .81706 .16087 • 53 414 .83550 
w BSRl CR s 4 3 .04451 · • 7 8112 .20345 • 56 2 88 • 7 93 3 6 w 
BSR1 CR s . s 2.70882 • 7 6 86 9 .20464 • S 4860 • 7 897 6 
BSRl CR s 6 2.93175 .78826 .20096 .52756 • 7 96 8S 
BSR1 CR s 7 3.06044 .77924 .20.884 .5S67S • 7 886 4 
BSRl CR 6 2.313SS .77188 i)_., .19313 .49226 .79987 
B5R1 CR 7 s 3.34622 • 11··2'2r-8 .19489 • 6 6 419 • 7 9849 
B5R1 CR ~ s 3.43186 • 7 83 99 .19193 • 6 445 4 .80333 
BSR1 CR 9 s 3.45657 .78618- .182 7 6 .66521 .81139 
BSRl CR10 s 3 .34595 • 7 9490 .177 00 • 6 3 87 6 • 81 "/ 89 I 
B5R1 CR11 s 3.43195 • 7 9421 .182 8·4 .63397 , • 812 86 
BSL2 CR 1 1 2.46760 • 7 85 83 .1927 2 ~46 4S3 .80306 
.2000! 
. ., ,' , .· 
B5L2 CR 1 2 2.44169 • 7 7 7 83 .46610 .79539 
B5L2 CR 1 3 2.83198 .77585 ·.19448 • 57 317 • 7 9957:' 
B5L2 CR 2 2.83475 • 7 7 85 2 .19572 • S S 96 2 • 7 9911--· 
BSL2 CK 3 . 2.62006 • 7 80 45 .192 7 0 .51987 .80198 
B5L2 CR 4 2.52784 .77990 .19449 .• 4,933 2 .80040 
B5L2 CR s 2.39299 · .• 80729 .15374 .4 80S3 .84003 
..................... ,._.,.,., 
....... 
/' 
. p 
TABLE 3-4(CONTINUED) 
CR CR AL MG CR 
ANALYSIS CODE ·-- ---------------
__ ..., ____________ 
_____ .., ___ 
----------
FE CR + AL + FE+3 CR + AL + FE+3 MG + FE+2 CR+ AL 
.4, 
BSL2 CR 6 2.41689 • 7 91 OS .16 6 94 .51069 • 82 S1 4 
BSR3 CR 1 s 3.60481 r. 7 7 85 8 .20504 • 6 423 3 • 7 91·5 4 
BSR3 CR 2 s 3 • 6 97 46 • 7 8S 20 .20287 .63518 • 7 946·8 
BSR3 CR 3 1 3.36063 • 7 93 3 6 .193 3 6 .S9S12 .80403 
BSR.3 CR 3 2 3. 2 817 2 .82560 .15944 .S-71-11 • 83 814 
B5R3 CR 3 3 3.26028 • 82 83 2 .15865 .56026 • 83 92 5 
BSR3 CR 4 1 3.01770 • 7 85 43 .20070 .55109 • 7 96 47 
,_. BSR3 CR 4 2 3.00599 .82654 .16365 • 5113 9 .83473 
"' ~ BSL4 CR 1 s 3.19800 • 7 6 818 .2167 4 .59402 .• 77994 
BSL4 CR 2 s 3.53921 • 7 816 0 .20987 .61445 • 7 883 3 
BSL4 CR 3 1 3.26053 •· 80 446 .18460 .56725 .81335 
BSL4 CR 3 2 3 .3347 S • 83 457 .15471 .S593S .84361 
B5L4 CR 4 s 3 .27 888 • 7 857·7 .20363 • 5 807 2 • 7 9419 
BSL4 .CR 5 3.31547 .76625 .22018 .6047 8 • 7 7 67 9 
B5R5 CR 1 2.74509 • 7 7 7.24 . .20209 .52993 • 7 93 6 S 
B5R5 CR 2 2.57318 • 7 61.87 .21360 .51491 • 7 8103 
B5L6 CR 1 s 3.22962 • 76367 .20267 .65598 . • 7 9027 
,-- .. B5L6 CR 1 s 3 .23431 • 7 7 447 .1g955 .6 283 8 .79513 
B5L6 CR 2 s 3.22082 ; .• 76708 • 2 41·7·· .6.3804 • 7 897 8 
B5L6 CR 2 s 3.23603 • 7 7 261 .19921 .63608 .79501 I ' 
B5L6 CR 3 s 3.23553 • 7 6 93 4 .20330 .63445 • 7 90 98 
I 
BSR7 CR 1 s 3. 611-17 .76327 .20881 • 6 8621 .. 78519 
~·,: . 
B5R7 CR ·2 s 3~52261 .76204 .2107 9 .67377 .783·32 
B5R7· CR ·3 s 3. 617 67· .• 7 6 67 6 .20 86 9 .67509 • 7 8606 
· B5L8 CR 1 s 3.68462 • 7 7 810 .19907 • 67180 · .• 7.9628 
\ . 
• 
. . . .. . . .... ;. 
I I 
TABLE 8-4 ( CONTINUED) 
CR CR AL MG CR 
ANALYSIS CODE -- ----------------
____________ ... _ 
-~---~--- --------! 
FE CR + AL + FE+3 CR + AL + FE+3 MG + FE+2 CR + AL 
a 
B5L8 CR 2 s 3.65077 • 7 7 56 9 • 2 0 86 6 • 6 46 3 3 .78802 
BSLS CK 3 s 3 .70191 .76772 · • 21184 .67074 ·'\ • 7 83 7 4 
BSL8 CR 4 s 3 • 4 6 43 7 • 7 6 82 S .21234 • 6 4031 • 7 83 46 
BSL8 CR s s 3.49316 .76353 .20731 .67695 • 7 86 47 
.. 
TABLE B-5 
CALCULATED ATOMIC RATIOS FROM ELECTRON MICROPROBE ANALYSES OF CHROMITE GRAINS 
. 
BODY 6, LEVEL 736 
CR CR AL MG CR 
ANALYSIS CODE --
_,_,_ _____ _.._ ... _________ __._ ... ____________ ._. __ -------
FE CR+ AL+ FE+3 CR+ AL+ FE+3 MG+ FE+2 CR+ AL 
B6Rl CR 1 s 3.S3913 .77179 .20S33 .6S990 .78986 
B6Rl CR 2 s 3.66762 • 7 7 844 .2057 S • 6 46 O 8 • 7 90 9S 
B6R1 CR 3 s 3.2S409 .77059 • 207 98 .61890 • 7 87 46 
B6R1 CR 4 s 3.43587 • 7 7 03 6 • 21180 .62940 • 7 843 S 
,, B6R1 CR 4 s 3.44642 • 7 7143 .20756 • 6 4113 • 7 87 9 9 ' 
B6R1 CR 5 s 3·.72947 • 7 800 9 .20218 .66'122 • 7 9418 
B6Rl CR 6 s 3.49880 .77588 .l.9524 .66442 • 7 989S 
t- B6R1 CR 7 s 3.496~ • 7 83 9 8 • 187 45 .66S66 • 807 04 
"' c.,, B6R1 CR 8 s 3 • 4 4 91 7 _,_.,"'.~ .77634 .19538 .66037 • 7 9893 
B6R1 CR 9 s 3.573!18 II 7 7 80 2 .20011 .65649 • 7 95·,42 
B6R1 CR10 s 3.26456 .7748·5 .19413 • 6 40 22 .79966 
B6Rl CR11 s 3.30992 .77338 .19909 • 6 42 9 8 .79527 
B6R1 CR12 s 3.25997 • 7 7 930 .196 43 • 6 23 98 • 7 986 8 
B6L3 CR 1 3.11146 • 7 86 40 .193 95 • 5 83 84 .80216 
B61L3 CR 2 2 .9497 5 • 7 7 86 2 .20005 .56762 .7 9S S 9 I 
B6L3 CR 3 1 2 .5 8598 • 7 7 890 _/ .19951 .49651 • 7 96 09 
B6L3 CR 3 2 2.34040 .7788S .197 07 .44396 .79806 
B6L3 CR 4 1 2.55272 .772J3. .20295 .S0·523 • 7 91.86 
B6L3 CR 4 2 2-. 413 85 .77753 .19207 .• 4 85 S 0 • 80.19.1 
B6L3 CR S ~· 3.13013 • 7 82 92 .1949 9 • S 9431 .80060 
B6L3 CR 6 1 2.92657 • 7 85 84 .19845 .54091 • 7 983 8 
~ 
B6L3 CR 6 2 2.80877 .79038 .19567 .51271 • 80l·S7 •;..• 
B6R5 CR 1 2.92006 .77542 .20544 • 5 5 87 5 .7905'5 ! I 
B6R5 CR 2 3.01590 • 7 7 411 • 2107 6 • S 62 81 • 7 86 01 
• I 
B6R5 CR 3 3.33580 .77487, • 210 92 .58595 • 7 812 8 
( 
.\ 
• 
T> ... BLE 8-5 ( CONTINUED) 
CR CR AL MG CR 
ANALYSIS CODE -- -------------- ------------~--- ---------- --------
FE CR+ AL +.FE+3. CR+ AL+ FE+3 MG+ FE+2 CR+ AL 
B6RS CR 4 s 3.222SO .77531 .21363 • S 80 0 9 • 7 83 9 8 
B6R5 CR 5 1 2.92637 .79654 .196 83 .50578 .80186. 
B6R5 CR 5 2 2. 82 93 6, • 80 831 .18221 • 4 90 43 .81604 
B6R5 CR 6 2.73366 .75933 .·21 so1 .55310 • 7 7 92 8 
B6R5 CR 7 2.84964 .77117 .197 7 2 • S 840 9 • 7 95 93 
B6RS CK 8 2.94839 • 7 86 6 9 .• 18561 • S 8196 .80911 
B6R5 CR 9 s 3 .12801 .77608 .20533 • S 85 97 .79078' 
.... B6R5 CR10 s 3. 3 7 87 2 .77.199 .20593 • 6 3 419 • 7 8942 w 
~ B6R5 CKll s 3.33354 .77716 .20131 • 6 20 95 • 7 9426 
B6R5 CR12 s 3.22543 • 7 6 842 • 2 0 93 2 .61412 • 7 85 92 
B6RS ·CR13 s· 3 .16 04·2 • 7 6 97 9 .20292 .62449 .79139 
B6R5 ·CR14 s 3.15973 .77547 • 20.0 90 .60164 • 7 9424 
B6RS CR1S s 3-.06374 .166SO .20453 .61752 .78937 
B6RS CR16 s 3.14992 • 7 6 86 0 • 2 0 90 6 • 6 0 817 • 7 8616 
B6R5 CK17 2. S 6 87 8 • 7 6 S 89 .187 03 • S 811'.S .80373 
B6R5 CR18 2.S1999 .7.9659 .175SS .50290' • 81942 
. " 
B6RS CR.19 2.65131 .77532 .193 2 8 • S 4196 .80046 
B6R5 CR20 2.83668 .• 7892JJ .18111 .S6S01 .81336 
B6L7 CR'! 2.41215 • 7 57 84 • 2 2171 • 4 6 8S 6 .77366 
B6L7 CR 2 1 2.58991 .76374 r,2211 .48516 .77470 
B6L7 CR 2 2 2.44604 • 7 664.0 .2171S • 4 5 80 4 • 7 7 921 d 
B6L7 ~· CK. 3 2.72695 • 7 57 95 • 2 246 4 • 5 21.20 ·• 7 713 8 
. \ 
. \ 
Appendix C 
Theory of Olivine.;;Spinel Geothermometry 
and 
MicroprObe AnalySes of Spinel-Olivine 
Pair.s 
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Irvine, {1965) proposed that Mg-Fe2+ exchange equilibrium between 
coexist.ing olivine and spinel may be described (for the main end members) by 
the following exchange reactions: 
(a) 1/2 Fe2 Si04 + MgCr2 o4 = 1/2 Mg2 Si04 + FeCr2 0 4 
(b) 1/2 Fe2 Si04 + MgA12 o4 = 1/2 Mg2 Si04 + FeA12 04 
(c) 1/2 Fe2Si04 + MgFe2 04 . 1/2 Mg2 Si04 + Fe3 04 
I 
They may be combined in the following way to give an appropriate Mg-Fe2+ 
exchange equilibrium reaction between olivine and a complex spinel solid 
solution: 
(d) 1/2 Fe2 Si04 
SP SP SP 
+ Yer Mger2 o4 + YAl MgA1204 + YFea+ MgFe2 04 -
Fa Pc Sp Mf 
1/2 Mg2 Si04 
SP 
+ Yer FeCr2 o4 
SP 
+ YAl FeA1 2 04 + 
SP YFea+ Fe3 o4 
Fo Ch He Mt 
yiSP are the mole fractions of trivalent cations i in spinel given as follow: 
(1) Yer SP Cr/(Cr + Al + Fea+)SP - ... "' ;-
--. 
(2) YAl SP Al/(er + Al + Fea+)SP 
'-
-
/ 
y a+SP = Fe3 +/(Cr + Al + Fea+)SP -(3) -Fe ·,,, 
The equilibrium constant for reaction (d) may be written: 
-
(4) K == (a OL / a OL)l/2.(a SP / a SP)Y Crsp.(a SP D Fo Fa Ch Pc He I SP)Y SP asp Al • 
· SP (~tsp I ~fSP)YFe3+ . 
;:t 
where, a .a is the activity of component i in pha.se a. 
t 
It was proposed by Temkin, (1945) that the activity of a. component in an 
id~al solution may be related to its· mole fraction. Assuming ideal solid solutions 
for olivine series and spinel series, Irvine, (1965, p. 655 and 656) reduced 
equation (4) So that K0 becomes a distribution coefficient for Mg and F~2+ . 
... 
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(6) KD = (X OL / X 2+0L) (X 2+SP / X SP) Mg. Fe Fe Mg 
where, X==mole fraction in solid solution [Mg/(Mg+Fe2+) and Fe2+ /(Mg+Fe2+)]. 
He aslo derived the following relation: 
(6) 
where, K7, K8, and K9 are the equilibrium constants for the following equations 
respectively: 
(7) 
(8) 
(g) 
MgCr2o4 + FeA12 04 
FeA12 04 + MgFe2 o4 
FeCr2 o4 + MgA12 0 4 
MgA12 0 4 + Fe3 D4 
Evans and Frost, (1975) proposed that equation (6) at constant T and P, 
will be linear if Y Cr SP and Y Fe3+ SP are held constant, respectively. The 
logarithm of the partition constant ( distribution coefficient) of equation ( d), 
! 
lnK0 , will also be linear if the activity coefficient quotient is unity (both olivine 
and spin.el ideal). They proposed a tentative geothermometer bas(!d on analyses 
.. ... '~ 
of natural olivine and spinel. In order to calibrate their thermometer 
/ 
-
partitioning experiments were carried out on simple and natural sysfems. Plot of 
lnK0 against Y Cr SP for. the analyzed chromites was drawn with Y Fe3+SP held 
. . 
cpnst~nt at 0.05. Choise of the latter value minimizes manipulation of the data 
because it is a typical value for the ferric iron content of the high-grade 
chromites; lnK0 is corrected., for each analysis according to equation (6) by 
adding (0.05 - Y Fe3+ SP)X4, the figure 4 being an estimate of lnK9 Irvine, 1965, 
'fable IV). Thus normalized lnK0 designated as lnK0 * is given by the equation: 
lnK * = ln[(X DL / X 2+0L) (X 2+SP / X SP)] + (O 06-Y a+8P)X4) D Mg Fe Fe Mg • Fe 
* Calculated values of lnD from analyses of olivine-chromite pairs given in 
140. 
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Tales C-1, C-2, C-3, C-4, and C-5 were plotted against Y Cr SP ==Cr/ ( Cr+ Al) for 
the application of this geothermometry in this study. 
. 
..... 
;( 
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AMALYSIS CODE 
B2L1 1CR 
B2L1 1a. 
B2L1 2CR 
B2L1 2Cl. 
B2L1 3CH 
B2L1 3Q.. 
B2R2 1CR 
B2R2 1 Cl. 
B2R2 2CR 
B2R2 2CL 
..... 
~ 
" B2R2 3CR N ·, 
B2~ 30L 
B2L3 1CR 
B2L3 1CL 
B2R4 1CR 
B2R4 1a.. 
B2R4 2CR 
B2R4 1<L 
.... 
\ 
TABLE C-1 
ELECI'HON MICROPROBE ANALYSF.s OF SPINEL-Q.IVIN~ PAIH8 FOR OEX>'l11ERK>HETRY 
BODI 2, LEVEL 71b 
KJO AL203 TIU2 HNO CR203 FEO NlO SI02 CAO TOTAL 
11. 72 10 .Ji3 1.70 .05 56 .17 21.82 o.oo 101 .9u 
4.5331 3 .1891 .3315 .0115 11.51b2 4.7326 0.0000 
52 .58 o.oo .17 .17 .09 5.73 .36 40 .56 
·" 8 
100.39 
1 .897 4 0.0000 .0031. .0035 .0016 .11~4 .OOb9 .9778 .0124 
10.73 9.59 o.oo .43 b0.91 19.80 .03 101.Sb 
4 .. 1883 2.9605 0.0000 .0950 12.6211 4.3360 .0068 
53.55 o.oo .02 .08 .03 5.39 .03 41.26 .04 100.40 
1 .9113 0.0000 .OOOJJ .0016 .0006 .1 o·r e .0005 .9880 .0010 
10.82 9.83 .36 .44 59.17 19.64 .01 100.33 
4.2649 3.0623 .010·, .0992 12.3624 4 .3416 .0143 
52.93 .02 o.oo .08 .43 5 .56 .30 41.78 o.oo 101. 12 
1.8789 .0005 0 .0000 .0017 .OOIS1 .1111 .0058 c.9948 0.0000 
10.7l& 9.91 o.oo .37 51.88 20.15 o.oo 99.05 
Jf .295b 3 .1305 0.0000 .0830 12.2706 4 .5182 0.0000 
51 .98 .02 .17 .16 o.oo 5.51 .34 110.37 .1b 98.71 
1.8935 .0005 .0032 .0033 0.0000 .1126 .OOb6 .9863 .0042 
10.68 8~87 o.oo .41 59.87 19.53 .06 99.45 
4.2706 2.8036 0.0000 .o 93 8 12. 6 896 4.3774 .0169 
53.50 .02 o.oo .05 .OIi 5.24 .39 41.47 .03 100.75 
1 .9038 .0006 0.0000 .0011 .0008 .flJ4b .0075 .9899 .0009 
10.88 9.56 .83 .15 59.29 19.18 .03 99.92 -
4 .294b 2.98112 .1648 .0331 12 .4080 JJ .2460 .0067 
51 .72 o.oo .05 .Ob .04 s.42 .44 40.76 .02 98.52 
1.8837 0.0000 .0010 .0012 .0008 .1107 .OOU6 .9959 .0006 
10.80 9.21 o.oo .37 58.60 21 .4 ts .13 100.59 
4.2839 2.8879 0.0000 .0833 12.3271 J&.7799 .02H7 
51.87 o.oo o.oo .14 o.oo 6.28 .32 40.27 .16 99~04 
1.8898 0.0000 0.0000 .0030 0.0000 .0284 .0062 .9tsJ&1 .0042 
10.26 9.08 1.13 .33 58.1b 21.51 .34 100.81 
4 .0614 2 .8389 .22b0 .0734 12.2035 4.774~ .0735 
53.21 .os .12 .17 .20 6.01 .41 40.79 o.oo 101 .01 
1.9007 .C013 .0021 .0035 .0038 .1204 .0090 .91·,~ 0.0000 
9.01 9.21 o.oo .47 5f> .34 23.86 o.oo 98.95 -
3.6764 2 .9870 0.0000 • 1 080 12 • 1 83 5 5 .11~82 0.0000 
53.21 .05 .12 .11 .20 6.01 .47 40.79 o.oo 101.01 
1 .9001 .0013 .0021 .0035 .0038 .1204 .oo~ .977;! 0.0000 
,t 
.! 
LN(IJJ•) CR/CCR + AL) 
2.85 .18 
3.08 .81 
2.72 .au 
2.90 .80 
3.00 .82 
2.81 .81 
2.80 .81 
i3.03 .81 
3.22 .80 
("~ 
•;',~ 
AN ALYS IS CO DE 
B3R1 1CR s 
B3R1 1CL 
B3L2 1CR 
B3L2 1CL 
B3L2 2CR s 
B3L2 2CL 
B3L2 2CR s 
B3L2 3CL 
B3L2 3CR s 
B3L2 4a. 
...... 
~ 
~ B3L2 4CH s 
B3L2 5CL 
B3L2 5CR s 
B312 5CL 
B3R2 6CR s 
B312 6CL 
B3L2 7CB s 
B3L2 7CL 
B3L2 8CR s 
B~L2 8CL 
B3R3 1CR s 
B3R3 1Q.. 
I B3R3 2CR s· 
B3R3 2CL 
.. ,/ 
" 
' i •, 
; I 
TABLE C• 2 
EL~CTROH HICROPROBE ANALYSES OF SPINFL-a.IVINE PAIRS FOR G&>'IHERK>HETRY 
BODY 3, LEVEL 716 
KJO AL203 TI02 HNO CR203 FEO NIU SI02 CAO TOTAL 
12.20 9.02 .83 .40 60.95 16. 14 .05 99.59 
4 ,7891 2.7998 • 16 ll5 .0898 12.68ll9 3.5522 .0112 
52.83 .03 .02 .09 .12 4.79 .33 40.21 .05 98.48 
1.9232 .0009 .0004 .0018 .0023 .0979 .0066 .9817 .0014 
11 .11 9.53 o.oo , .• 44 ·5a.911 19 .81 .02 99.85 
4.4067 2.98&> 0.0000 .0997 12.3991 4.4074 .0033 
52.90 o.oo .12 .01 .07 5.19 .ll 1 40.19 .32 99.27 
1.9165 0.0000 .0021 .0015 .001 Ji .1055 .0080 .9768 .OOts'I 
12.90 10 .J&8 .36 .09 60.26 15.25 o.oo 99.3'1 
5 .0203 3.2237 .07o6 .0208 12.4349 3 .3282 0.0000 
54.99 o.oo o.oo .08 o.oo 3 .76 .45 . J&2 .2b .02 101 .56 
1.9280 0.0000 0.0000 .0016 0.0000 .0739 .0066 .9937 .0005 
12.90 . 10.48 .3b .09 60.26 15.25 o.oo 99.34 
5 .0203 3.2237 .0706 .0208 12.4349 3.32152 0.0000 
54.76 o.oo o.oo o.oo .13 3.93 .37 42.30 o.oo 101.49 
1 .9210 0.0000 0.0000 0.0000 .0024 .077!& .0069 .9955 0.0000 
12.77 9.03 .12 .28 61.27 14.91 .07 98.45 
5.0516 2.8248 .0231 .0622 12 .8523 3.3072 .0156 
54.06 o.oo o.oo · .02 .10 4.28 ._ .47 42.17 o.oo 1 U1 .09 
1.9073 0.0000 0 .0000 .0005 .0018 .084b .0090 .9979 0.0000 
12.84 10.1 Ji .22 .28 61.76 15.37 o.oo 100.61 
4 .9497 3.0911 .0426 .Ob03 12.6280 3 i32117 0.0000 
54.66 o.oo o.oo .06 .11 4 .11 .51 41.83 .09 101 .43 
1.9250 0.0000 0.0000 .0011 .• 0020 .0824 .0097 .9882 0.0000 
12.118 9.73 .38 .25 60.82 15.44 .05 99.65 
5.0602 2.99c,4 .0753 .0553 12.5684 3 .3741 .0110 
511 .66 o.oo o.oo .06 .11 4.17 .51 41.83 .09 101 .43 
. 1.9250 0 .0000 0.0000 .0011. .0020 .0824 .0091 .9tS82 .0022 
12 .J&Ja 10.52 o.oo .32 62.11 15.14 o.oo 101.18 
4 ,7651 3 .185b 0.0000 .0692 120 751'3 3.2543 0.0000 
53 .28 .03 .os .19 o.oo 3.95 .48 41.38 o.oo 99.35 
1.9120 .0001 .0009 .0038 0.0000 .0795 .0092 0,.0000 0.0000 
12.94 9.86 .24 .31 61.7!1 15.20 .01 100.36 
5 .0061 3.0149 .OJJ63 .0686 12.6b42 3 .2970 .0153 
53.97 o.oo o.oo .03 .11 3.79 .39 42.17 o.oo 100.45 
1.9108 0.0000 0 .0000~ .0006 .0020 .0753 .0074 1.0014 0.0000 
12.32 8.00 o.oo .22 63.93 15.20 .03 99.70 
4 .8470 2.11885 0.0000 .0491 13 .3395 3.3547 .005b 
53.64 .02 .05 .01 .03 J&.35 .45 . 41.90 o.oo 100.45 .. ~. 
1.901J8 .0001 .0009 .0002 .OOOb .OBbb .0086 .9980 0.0000 
12.02 10.33 1.70 .38 57.31 18.08 · .Ob 99.8tS 
4.6920 3 .1877 .3357 .0842 11.8653 3.9586 .01 'Zf 
52.76 .02 .23 o.oo .01 4.77 .28 39.9ts .32 98.37 
1.9234 .0005 .OOll3 O.OQOO .0003 .0975 .0055 .9776 .0084 
12.39 ·g._80 .35 •. 30 59.54 18.110 .04 100.82 
4.8217 3.0137 .069b .0664 12.2846 4.0149 .0061 99.f3. 
· 53 .02 .• 06 .09 o.oo o.oo .. )4.43 .33 Jn .71 .Ob 
1.8967 .0006 .0012 .0019 0.0000 .0889 .0063 1.0007 .0014 
) 
LN(KD•) CR/CCR + AL) 
3 .Oll .82 
3 .19 .81 
• 
. 3.05 .79 
2,89 .79 
2.69 .82 
3.04 .ao 
2.98 .81 
3 .01 .80 
2.75 .• 81 
2.80 .84 
3.09 .79 ~ 
2.61 .80 
I 
TABLE C-2 (CONTINUED) 
ANALYSIS OJDE MJO AL203 TI02 HNO CR203 FEO NID SIU2 CAO TUTAL 
LN(KD•) CR/lCR + AL) 
B3L4 1CR 10 .29 9.66 o.oo .46 58.2b 23.01 .1b 101.84 2.95 
.80 
4.0499 3 .0030 0.0000 .1028 12 .1533 5.07b5 .0347 
B3L4 1a. 51.53 .02 .12 • '2 .06 6.30 .30 39.8u .4" 98.11 
1.8865 .0001 .0021 .0024 .0013 .1294 .0066 .9775 .0126 
. B3L4 1CR 10.29 9.66 o.oo .46 58.2b 23.01 .1b 101.84 
2.93 .80 
4 .01199 3.0030 0.0000 .1028 12 .1533 5-0765 .0347 
B3Lll 2CL 52.03 o.oo o.oo .03 .09 6 .29 .22 !I0.22 .32 99.19 
1 .8929 0.0000 0 .0000 .0006 .0017 .1284 .004.3 .9814 .Ooo4 
B3L4 2CH 11.84 9.05 o.oo .23 61.70 18.4~ o.oo 101 .23 
2.82 .82 
4.6029 2. 78'rb 0.0000 .0517 12.752b 4.0335 0.0000 
B3Lll 3CL 53.61 o.oo o.oo .Ob .02 5.29 .42 41.74 .03 101 .1 t> 
1.8999 0.0000 0.0000 .0012 .0003 • 1051 .00ts1 .9922 .0008 
B3Lll 3CR 11 .59 9.65 .11 .25 b0.74 18.86 .os 101 .24 
2.73 .81 
4 .5109 2 .9683 .0219 .0548 12.5389 4.1173 ,0109 
B3Lll 4CL 52 .98 .03 o.oo .08 o.oo 5.39 .37 41 .65 .05 100 .55 
1 .888b .0009 0.0000 .0017 0.0000 .1077 .oo·, u -9~b0 .0014 
.... B3L4 4CR 11. 74 9.82 o.oo .39 60.51 18.3b .09 100.91 
2.75 .81 
~ 4.57t,q 3.0258 0.0000 ,.086 8 12.5091 4.0143 .01 oo ~ 
B3Lll 5CL 53.37 o.oo o.oo .11 .29 5 .25 .3b 41.67 .11 
101, 17 
1.892·, 0.0000 0.0000 .0022 .0055 .1045 ,00b8 .9912 .0028 
B3R5 1CR 10.78 9.02 o.oo .20 60.24 20,35 .09 100.69 
2.87 .82 
4 .2597 2.8184 0.0000 .0459 12 .6235 4.5100 .0200 
B3R5 1 CL 53.23 o.oo O~OO o.oo .14 JJ .lt6 .33 41.97 o.oo 100 .14 
1.8953 0.0000 0.0000 0.0000 .002'( .0891 .0061' 1.0025 0.0000 ' 
B3L6 1CR s 12.13 9.98 .48 .29 60.13 17 .12 .Ob 100. 78 
2.64 .80 
4 .7·086 3 .Ob2ts .0933 .Ob37 12,3817 3.8594 .0133 
B3L6 1a. 53 ~63 o.oo .08 .1 s .33 JJ.56 .38 42.27 o.oo 101.'11 
1.8894 0.0000 .0014 .0030 .OOb2 .0901 .00·,2 .9990 0.0000 
/II 
··1 
ANALYSIS 00r£ 
15R1 1CR 
15R1 1 (I, 
i5R1 2CR 
B5R1 2CL 
B5R1 3CH 
15R1 3a. 
B5R1 
-CR 
B5R1 Ja(L 
B5L6 1CR 
151.6 1a. . 
.... 
~ 
'11 151.6 2CR 
B5L6 2CL 
B5L6 3CR 
B5R6 3a. 
B5L6. !ICR 
B5L6 Ja(I, 
151.6 5Cll 
. 
15L6 5a. 
151.6 5CR 
B5L6 6CL 
. 
B5L6 6CR 
i,;L6 7a. 
TABLb: C•3 
D.!!:C?RCJf HICROPROOE ANALISF.S OF SPIHEL-CLIVIHE PAIRS Fn~ OEO'DIERK)HETRI 
BODI 5, LEVO. 716 · 
KJO AL203 TI02 HMO CR2 03 FEO RIO SIU2 CAO TOTAL 
9.56 9.23 .21 .35 58.16 21.53 .10 99.13 
3.8587 2.9434 .01123 .0796 12.4439 Ji.8738 .0206 
51 .54 · o.oo o.oo .05 .05 6.47 .35 JJO .19 .01 98.72 
1.88115 0.0000 0.0000 .0011 .0010 .1326 .0068 ,9857 .0016 
9 .28 9.20 :oa .32 58 .1 II 22, 13 .04 99.20 
3,7538 2 .91103 .0162 ,0736 12.11662 s.0191 .0097 
51,83 o.oo o.oo .08 .02 6.56 .30 41.64 . , , 100.54 
1,8564 0.0000 0.0000 ,0015 .OOO!J ,1318 .0058 1.0003 .0029 
8.92 9 .15 ,32 .39 59,84 22.72 o.oo 101 .3JJ 
3.5390 2.8685 ·.0639 .0889 12,5889 5 .0569 0.0000 
51,99 o.oo .01 .10 .11 6.59 ,25 111 .57 .10 100.72 
1,8597 0.0000 .0002 .0020 .0021 .1322 .0049 .9975 .002b 
10.ia5 9,56 .10 .40 59,39 20.90 o.oo 100.81 
II .12110 2.98j8 .0191 .0906 12.11293 11.6260 0.0000 
52,79 o.oo o.oo. .13 o.oo 6.07 .35 42 .36 .Ob 101.75 
1.8633 0.0000 0.0000 .0021 0.0000 .1202 .0066 1.002ts .0015 
11.61 g.eo .11 .29 59,84 19,70 .01 101.!11 
II .52011 3 .0151 .0212 .0635 12,355b JI .3012 .0147 
53.84 .04 o.oo .,12 .10 4.96 ,47 112.07 o.oo 101,59 
1.89·, 3 .0010 0.0000 .0023 .0018 .0981 .0090 ,9941l 0.0000 
10.86 9.37 .21 .37 59 .115 . 20.11 .03 101.06 
JJ.2726 2.9139 .0413 .o 82ll 12.3999 ll ,5629 .0073 
53.10 .03 o.oo .06 .02 . 11.18 .37 112.07 .02 101.04 
1,8988 .0007 0.0000 .0011 .0003 .0947 .0011 ,9980 .0005 
11.06 8.68 .1 s .29 59.111 19.36 .04 ge. 7'1 
II .!14118 2.7569 .0357 · .0659 12.6048 Ja.3b54 .0085 
53 .111 .03 . o.oo .06 .1 Jt 4.88 .24 42.18 o.oo 101.00 
1.8910 .0008 0.0000 .0011 .0027 .ogc,u .0041 1.0006 0.0000 
10.66 8,911 .19 
·" 1 · 59,90 20.10 .10 
100.30 
4 .2305 2.8045 .0372 .0922 12.6008 4.11719 .021 Ji 
53,,go o.oo .• 01 • , 4 .08 5.00 .44 41.70 .03 101.29 
1.907 i 0.0000 .0002 .0028 .0014 .0992 .0085 .9896 .0006 
10.66 8.94 .19 .41 59.90 20.10 .10 ' . 100.30 
11.2305 2.8045 .0372 .0922 12.6008 4 .11719 .02111 
511.17 o.oo .02 .05 .10 4,67 .110 41.57 o.oo · 100.9ts 
1.9193 0.0000 .00011 .0010 .0018 ,0927 · .0011 ,9878 0.0000 
9 .21. 8.63 , 13 .39 5 8.311 22.07 .09 98.8!) 
3,7'170 2.7755 .02711 ,0904 12.5912 5.0375 .0187 Ii;, 
5ll.02 .02 o.oo .10 .02 II ,99 .35 112.0b o.oo 101-'57 
1.9031 .0005 0.0000 .0021 .0004 .0985 .0061 .9940 0.0000 
10.15 8.!17 .13 .26 61.83 20 ,22- .11 101.1 e 
11.0085 2 .61l40 .0258 .o 589 12 ,9'120 4 ,Ja780 .0225 
· 53 .12 o.oo .o~. .05 o.oo 5.03 .32 111.23 o.oo 99.79 
1.9058 0.0000 .0001 .0009 0~0000 ., 011 .0062 ~9922 0.0000 
... 
• 
,. 
,, 
LH(JtDI) CR/(CR + AL) 
2.98 .81 
2.79 .81 
2.95 .81 
2.67 .81 
2.80 .80 
2.90 .81 
2.11 .82 
3.07 .8.! 
3.20 .82 
3.22 .82 
3.1b .Bl 
•' 
TABLE c~3 ( COHTINU ED) 
ANAL ISIS CODE t-00 AI.203 TI02 HNO CR203 FEO HID SI02 TOTAL LN(KD•) CR/(CR + AL) 
B5L6 8CR 11.24 9.~1 .08 .40 59.65 19.80 o.oo 100.59 2.86 .81 
4 .4262 2 .9283 .0166 .0904 12.4554 4.3729 0.0000 
B5L6 9CL 53.72 .03 .04 .08 .10 5.23 .37 JU .7!1 .Ob 101.3b 
. 1.9000 .0009 .0007 .0016 .0018 .1038 .0010 .9903 .0014 
B5L6 9CR 11.25 9.33 .16 .29 ~8.93 19.81 o.oo 99.7& 2.72 .81 
lJ .4647 2.9271 .0321 .0648 12 .4026 4 .4101 0.0000 
i,jL6 1pa. 53.01 .03 o.oo .05 .05 5 .11 .33 41,70 o.oo 100.29 
1.8913 .0009 0.0000 .0011 .0010 .1022 .0063 .9981 0.0000 
B'jL6 10CH 10.58 8.52 .18 .25 60.42 19.50 • 09 99.54 3.03 . .83 
4 .2291 2.6921 .0355 .0570 12.8082 4.3725 .0184 
B5L6 11a.. 53.53 o.oo .04 o.oo .05 4.76 .33 41.66 .03 100.40 
1.9053 0.0000 .0007 0.0000 .0010 .0950 .0064 .99Ji8 .0006 
ffiL6 11CR 11.32 9.81 .16 .39 60.08 19.99 o.oo 101.75 2.71 .so • 
.If .,3 981 3.0129 .031 'I .0867 12.3829 4 ,3572 0.0000 
16L6 12a. 52.85 o.oo .01 .06 .o& 5.1& .3b 41.83 .01 100.40 
1.8841 0.0000 .0002 .0012 .0012 ., 032 .0069 1.0003 .0017 
JJjL6 12CR 12.07 9,34 .22 .34 60.82 18.38 o:oo 101.19 2.76 .81 
4.6968 2.8729 .0441 .0752 12.5451 4.0113 0.0000 
B5L6 13(1, 54.01 o.oo .06 .10 .18 4.86 .30 41.97 .02 101.50 
~ 1.9035 0.0000 .0011 .0020 .0034 .0960 .0057 .9923 .0005 
~ B5L6 12CR 12.01 9.311 .22 ,34 60.82 18.38 o.oo 101 .19 2.84 .81 0) 4.6968 2.8729 .0441 .0752 12.5451 4.0113 0.0000 
B5L6 14CL 52.65 o.oo .05 .06 . .01 5.10 · .31 40.56 o.oo 98.81 
1.91011 0.0000 .0009 .0012 .0013 .1039 .OOb2 .9tr72 0.0000 
BSL6 13CR 10.51 . 9.32 .06 .42 60.88 19.53 .02 100.74 2.8~ .81 
4 .1372 2.9016 .0126 .0943 12. 7140 4.3130 .0052 .• 
.C:::t 
B5L6 15a. 52.41 .02 o.oo .14 .09 5.34 .29 41.68 .02 99.99 "'\ 
1.8773 .0006 0.0000 .0028 .0016 .1074 .0056 1.0014 .0005 
B5L6 14CR 11.62 g.J&4 .14 .29 60.1!& 18.98 .03 100.65 2.68 .81 
JJ .!;557 2.9253 .0285 .0639 12 .5021 4 .1733 .0073 
B5L6 16a. 52.16 o.oo o.oo .06 .12 4.84 .36 41.18 o.oo 98.72 
,, 1 .8891 0.0000 0.0000 .0012 .0023 .0982 .• 0071 1.00011 0.0000 
B5L6 14CR 11.62 9.1&4 .14 .29 60.14 18.9H .03 100.65 2.57 .81 · 
11.5557 2.9253 .0285 .0639 12.5021 4.1733 .0073 
B5L6 17CL it .90 .02 o.oo o.oo o.oo 5.25 .32 41.30 .03 '98.82 
1.8791 .0001 0.0000 0.0000 0.0000 .1066 .0062 1.0030 .0009 
BSUi 15CR 11.33 9.57 .19 .32 59.92 18.89 o.oo 100.21 2.98 .81 
4 .11583 2.9774 .. 037.4 .0724 12.5049 4.1694 0.0000 ,. 
B5L6 18CL 53 .11 o.oo o.oo .13 .01 4.9H · .37 1n .5a o.oo 100.89 
1.9088 0.0000 0.0000 .0025 .0014 .0991 .0010 .9901 0.0000 
B5L6 16CR 11,52 8.82 .21 .33 59.011 18.39 o.oo 98.32 2.60 .82 
4.6283 2.8014 .01122 .0762 12.5757 4.1437 0.0000 
. B5L6 19a. 53.34 · .02 .01 .01 • .18 II. 71 .40 42.26 .01 101.05 
1.8853 .0005 .·0012 .001 II .0034 .0933 .0076 1.0018 .0003 
1JjI,6 16CR 11.52 8.82 .• 21 .33 59.04 18.39 o.oo. 98.32 2.79 .82 
4.6283 2.8014 .0422 .0762 12 .5757 4.1437 0.0000 
n 
B5L6 200L 52.53 .02 .13 .16 .06 5·.18 .35 110 .68 o.oo 99.12 
1.9016 .0001 .0024 .0.033 .0012 .1052 .0069 .9877 0.0000 
TABLl~ C•3(CONTINUED) 
-p,• 
. 
ANALYSIS OODE MJO AL203 TI02 HNO CB203 FEO Nm SI02 CAO TOTAL 
LN(ID•) CR/(CR + AL) 
~ 
~ 
·<1 
B5L6 17CR 11.23 9 .73 .16 .25 59.2t, 18.38 o.oo 
99.00 • 2. 77 , .80 
4 .4627 3 .05b4 .0318 .0569 12.4888 4 .0975 0.0000 
B5L6 21a. . 53.16 o.oo 0 .uo .08 o.oo 4.92 .35 
ll2 .oo o.oo 100 .so 
1.8901 0.0000 0.0000 .0016 0.0000 .0981 .OOb6 1.0017 0.0000 
' 15L6 17CR 11.23 9.73 .16 .25 59.26 18.38 a.oo 
99.00 2.12 .au 
/ 
4 .4627 3.0564 .0316 .05b9 12.JUJ88 11.0915 0.0000 
B5L6 22CL 53.46 .02 .05 .03 o.oo 4.90 .33 
42.43 .05 101 .27 
1.8850 .0004 .0009 .0007 0.0000 .09b9 .0063 1.0035 .0014 
,, 2.86 .82 
B5L6 16CR 10.88 8.68 o.oo .37 60.81 19.40 o.oo 
100.35 
) 4.3065 2.1111 0.0000 .0830 12. 7580 4.3055 0.0000 
B5L6 23CL 53.82 o.oo o.oo .09 .04 5.15 .39 42.30 
o.oo 101. 79 
1 .8924 0.0000 0.0000 .0018 .0007 .1016 .0073 .9978 0.0000 
B5L6 19CR 11 .ll 8 9 .111 .14 .31 60.2b 18.55 o.oo 
100.15 2.90 .81 
JJ.5.170 2.9285 .0286 .0703 12.5772 4.0953 0.0000 . 
151.6 24CL 53.92 .02 .01 .12 .03 s .1 a .42 
41.84 .03 101 .58 
1.9028 .0006 .0002 .002!& .0006 .1026 .0079 .9905 
.0008 
B5L6 20CR 10.18 9 .60 .16 .38 57.77 20.22 o.oo 
98.89 2.911 .80 
4 .32oia 3 .0410 .0324 .0854 12.2799 4 .54b3 0.0000 
B5L6 2501. 53.47 .02 .04 .06 .33 4.64 .31 
41 .51 .05 100.42 
1 .9043 .0004 .0007 .0011 .0062 .0926 .0059 .9916 
.0014 
... B5L6 21CR 11.38 9.69 .18 .33 59.81 18.75 .05 
100.19 2.81 .81 
~ 
.... 
ii.41·r1 3.0139 .0350 .0730 12.4733 4.1370 .0106 
B5L6 26CL 53.71 o.oo • 12 .08 o.oo 5.00 .• 31 
42.06 o.oo 101.35 
1.8959 0.0000 .0021 .0017 0.0000 .0991 .0011 .9960 
0.0000 
B5L6 22CR 10.77 9.40 • 10 .42 59.56 20.56 o.oo 
100.80 2.81 .81 
J&.2468 2 .9295 .0190 .0943 12.ll521 4 .54b8 0.0000 
B5L6 27a. 53.40 o.oo .02 .03 o.oo 4.92 .36 Ji2 .28 
.08 101 .09 
1.8874 0.0000 .0004 .0007 0.0000 .0974 .0068 1 .0023 .0020 
;' 
ANALYSIS CODE 
DSR1 1CR s 
B5R1 1 a. 
B5R1 2CR s 
B5R1 2a.. 
B5R1 3CR s 
B5R1 3a. 
B5R1 
-CR s 
B5R1 JJCL 
IJSR1 5CR s 
~ 
• 
IJSR1 SCI. 
00 
!6R1 6CR s 
B5R1 6a. 
JJ5R1 7CR s 
16R1 7CL 
B5R1 8CR s 
IJSR1 SCI. 
IJSR1 9CR 
B5R1 9CI. 
DSR1 ,ocR s 
B5R1 100L 
B5R1 11CR s 
B5R1 11CL 
B5R1 12CR s 
• 
16R1 12a.. 
f 
I ( TABLE C-4 
'· \ . 
ELECTRON MICHOPROBE ANALYSES OF {h1Nm.-a.rvm~ PAIRS FOR GEX>fflERK)METRY 
BODI 5, LEVE2. 7 36 
KlO AL203 TI02 HNO CR203 FEO NIO SI02 CAO TOTAL 
12.21 9 .511 .21 .21 60.46 17 .68 .16 100 .47 
4. 7667 2.9436 .0411 .04b7 12.5197 3 .8731 .0328 
53.80 .02 o.oo o.oo o.oo JI .18 .38 41 .68 .01 100.12 
~ .915b .0001 0.0000 0.0000 0.0000 .. 0835 .0072 .9954 .0017 
13.39 9.92 .05 .19 61.55 15.80 .03 100.93 
5.1522 3.0167 .0093 .0424 12 .5615 3.4107 .0072 
53.33 o.oo o.oo .07 o.oo J&.02 .JJ 1 41.53 .03 99.38 
1.9117 0.0000 0.0000 .001 ll 0 .0000· .0807 .0080 .9986 .0006 
12.80 8.51 .22 .29 62.34 15.63 .04 99.82 
5.01 so 2.6352 .o 41'11 .06 40 12 .9556 3.4361 .0083 
53.55 o.oo o.oo .09 .10 3.91 .so 41.46 .Ob 99.66 
1.9158 0 .0000 0.0000 .0018 .0018 .0785 .0096 .9950 .0014 
13.3'1 9. 711 o.oo .35 61.23 15.97 .15 100.78 
5 .1529 2.9749 0.0000 .0775 12.5437 3.4594 .0305 
53.37 o.oo o.oo o.oo .04 3.9H .43 40.22 o.co 98.03 
1.91138 0 .0000 0.0000 0.0000 .0008 .0812 .0064 ,9H27 0.0000 
13.03 9.63 .18 .20 60.26 16.33 o.oo 99.63 
5.0954 2.9755 .0349 .0444 12.49b1 3.5614 0.0000 
53.67 o.oo .04 .15 .09 4.02 .39 41.62 o.oo 99.98 
1.913tS 0.0000 .0001 .0030 .0018 .08()4 .0075 .9956 0.0000 
13.30 9.2q .10 .33 60.78 15.62 .07 99 .4!& 
5 .2095 2 .8621 .0189 .0732 12.6253 3 .4320 .0147 
52.80 o.oo o.oo o.oo .os 3.96 .48 41 .11 o.oo 98.ll 1 
1.911tS 0 .0000 0.0000 0.0000 .0010 .0805 .0094 .9984 0.0000 
' 
12.92 9.70 .1 J& .25 61.27 16.54 .03 100.86 
4.9959 2.9664 .• 0282 .0554 12.56411 3 .5884 .0061 
53.57 .03 .06 .10 o.oo 4.55 .34 41.89 .02 1 oo.s~ 
1.9016 .0010 .0011 .0021 0.0000 .0906 .0066 ~9974 .0005 
12.38 9 .09 .45 .• 21 59.93 16 .31 .12 98.54 
4.9132 2.8506 .0901 .0608 12.60,1 3.6300 .0247 
53.78 o .. oo o.oo .08 .04 ll .44 .35 41.95 o.oo 100.61' 
1.9067 0.0000 0.0000 .0016 .0008 .0883 .0068 .9977 0.0000 
10.36 6.62 .11 .30 63.18 18.83 .15 99.54 
4 .1769 2., 081 .0226 .ObH1 13.5047 JI .2573 .0317 
53.44 o.oo o.oo .06 .08 4.52 .42 JJ1.46 o.oo 99.98 
1.9098 0.0000 0.0000 .0011 .0016 .0906 .0080 .9939 0.0000 
13.66 9.90 .23 .28 61.04 16.34 .06 101.50 
5.2322 2 .99·, q .01135 .0600 12.3996 3.5104 .0134 
53.07 .02 .02 o.oo .08 ll .06 .44 llO .93 .os 98.68 
1.9185 .0005 · .OOOJi 0.0000 .0016 .0822 .0086 .9926 .0014 
12.97 10.28 .35 .31 60.81 16.84 .Ob 101.62 
4.9683 3.1120 .0664 12 .3517 · 3.6188 .o 12Ji ' · .0685 
53-75 •. o.oo o .• oo o.oo .11 4.18 .1'1 41.30 .02 99.83 
_· 1.9221 0.0000 0.0000 0.0000 .0020 .0838 .0091 .9907 .0005 
13.21 9.~93 .24 .34 61.71 15.98 .04 101 .51 
5 .0610 3 .0066 .0466 ·.07.111 12.51159 3.4331 .0081 
52.48 .02 .O'I .09 o.oo 3.95 ."45 41.11 .10 98.23 
1.9036 .0006 .0007 .0018 0.0000 .0803 .OOts7 1.0002 .0026 
LN(KD•) CR/(CR + AL) 
2.90 .• 81 
2.68 .81 
2.85 .83 
3 .1 s .81 
2.73 .81 
2.61 .82 
.~.62 .81 
~ 
2.71 .82 
3.15 .86 
f.1• 
2.69 .81 
2.90 .80 
2.66 .a, 
TABLE C._4(CONTIN0ED) 
ANALYSIS CODE HlO AL203 TI02 HNO al203 FEU Nm Sl02 CAO TOTAL LH(KD•) CR/(CR + AL) 
D5R1 13CR s 12.71 9.47 .19 .29 61.37 16.83 .13 101.00 2.12 .81 
4 .9240 2.8994 .0311 .0646 12 .6 021 3 .6561 .02b3 
ffiR1 13a. 53.51 o.oo .02 .09 .15 ll .49 .Jfb 41 .63 · .01 100.41 
1.9049 0.0000 .• 0004 .0019 • 0028 .osa . .0088 .9940 .0011 
~R1 14CR s 12.78 9 .61 • 10 .28 61.46 15. . . .01 100.17 2.90 .81 
4.9712 2.9557 .0187 .• 0623 12.6770 3 .462b .0157 
IJjR1 1 !J(L 53 .72 o.oo .04 .12 .04 4.1b .41 41.43 .03 99.95 
1 .9184 0.0000 .0001 .0025 .0008 00833 .0079 .9923 .0008 
D.>12 1CR 10.82 7 .98 .13 .40 59.86 20.29 .os 99.53 2.73 .83 
4 .34b 1 2.53118 .0258 .0906 12. 7500 4.5721 .0108 
IJjl2 1a. 52.07 0.00 o.oo .08 .05 5.86 .40 JJ0.81 .04 99.31 
1.8859 0.0000 0.0000 .0016 .0010 .1191 .0011 .9916 .0011 
D.>12 2CR 10.61 9.09 .26 .36 60.53 19.87 .01 100. 79 2.93 .82 
11.1822 2.8330 .0508 .0797 12.6518 JJ.3918 .0158 
B512 2a. 52.92 o.oo o.oo .13 .05 5.57 .34 41.39 .05 100.115 
~.89J4 tJ.0000 0.0000 .0027 .0010 .1111 .0066 .9923 .001 'l 
.. ; 
B5L8 1CR s 14 .47 10.56 .13 .18 59.81 14.89 · > .05 100.09 2.2b .79 
5 .5656 3.2113 .0249 .0385 12.2021 3.2132 .0113 
IJjL8 1CL 52.70 o.oo o.oo o.oo o.oo 3.37 .so 41.68 o.oo 98.24 
1.9029 0.0000 0.0000 0.0000 0.0000 .0682 .0067 1.0095 0 .0000 . 
• 
. .... B5L8 2CH s 14.26 10.79 .18 .19 60.28 15~81 .11 101.62 2.40 .79 
~ 5 .4190 3 .2394 .0351 .. 0405 12.1458 3 .3694 .0216 co D.>L8 2a. 53.44 .02 .02 o.oo .16 3.116 .53 42.03 .04 99.72 
1.90JJ0 .0006 .0004 0.0000 .0031 .0691 .0103 1.0045 .0011 
B5L8 3CR s 13.87 9.15 .34 .30 62.75 15.14 .04 101 .59 . 2.62 .82 
5 .3039 2 .7600 .0&52 .0650 12. 727 4 3 .2471 .0091 
B'JL8 3a. 53.07 o.oo .04 .10 .04 3.38 .55 41.47 .02 98.6b 
1.9111 0.0000 .0007 .0020 .0008 .0683 .0106 1.0021 .0006 
B5L8 4CR s 14 .19 10 .. 76 .20 .30 59.60 15.50 o.oo 100.54 2.49 .79 
5.111119 3.2618 .0383 .0655 12.1241 3.3355 0.0000 
E5L8 11a. 53.59 o.oo o.oo .12 .01 3.60 .47 41.86 .02 99.74 
1.9111 : 0.0000 0.0000 .0025 .001 Ji .0719 .0091 1 .0013 .0005 
IJjL8 5CR s 14.18. 10.81 .34 .28 59.69 15.92 .11 101 .33 2.42 .79 
s.4o4s 3 .2567 .0652 .0598 12 .0621 3 •• 029 .0227 
IJjL8 sa. 53 .b. ! o.oo o.oo .oa .05 3.77 .42 · 41 .87 o.oo 99.60 
1.9072 0 .00-00 0.0000 .0017 .0010 .0•755 .OOH2 1.0029 0.0000 
B5L8 6CR s 14.09 10.47 .08 .28 60.81 15.29 o.oo 101 .02 2.47 .80 I . 
5 .386'[ 3.16!10 • 0154 .0613 12.3293 3.2797 0.0000 
B5L8 6«. 53.70 o.oo .04 .01 .07 4.02 .46 41.95 .Ob 100.31 
't 1.9070 0.0000 - .0007 .0003 .0014 .0801 .0089 .9994 .0014 ~ 
. 
\ 
, , 
AN .IL IS IS CUD~ 
J 
B6R5 1CR 
. 
B6B5 1a. 
B6R5 2CR 
B6B5 2a. 
B6R5 3CB 
B6R5 3a. 
B6RS JICH 
B6RS Jaa. 
B615 5CR 
B6RS sa. 
~ 
'" 
B6HS 6CB 0 
B6RS 6a. 
TABLJs C - 5 
EI.t:CTROO HICROPBCEE ANALYSES OF SPINEJ.-Q.IVINE PAIRS FOR GEOTHERK>HETRY 
· BODY 6, LEVFJ. 7 36 
KJO AL203 TI02 HNO CR203 FEO NIO · SI02 CJ.O 
TOTAL 
10.96 9.17 .21 .26 60.J& 1 18.8b .13 
100.00 
Ji.3370 2.86~ .0414 .0590 12.6709 J& .1835 .0278 
52.81 o.oo .04 .11 .15 5.28 .42 J&1 .85 
o.oo 1 oo.66 
1.8799 0.0000 .0001 .0022 .0028 .1054 .0081 .9993 
0.0000 
11.21 g.65 .05 .36 60.66 19.63 .03 
101.6J& 
.II .3833 2.968U .0093 .0788 12.5162 J& .2830 .0072 
51 .91 o.oo .08, .08 , 12 11.91 .38 J& 1 .06 
o.oo 98.53 
1.8846 0.0000 .001 Ji .0017 .0022 ,1000 .00711 .9999 
0.0000 
11.81 10.03 .11 ,26 59,63 17 .'15 .05 
99.3'1 
J& .6526 3.1240 .0222 .0589 12.4590 3 .8564 .o, 16 
53.88 o.oo o.oo .12 .05 5.18 .33 J&1 .36 
.02 \ 00.911 
1.9145 0.0000 0.0000 .0023 .0010 .1033 .0063 .9857 
.0005 
10.19 8.72 .21 .. ,3 60.1&2 19.93 o.oo 
99.97 
Ji .0605 2 ,7480 .054'1 .0911 12.7692 4,455b 0.0000 
52.8J& o.oo o.oo .02 .12 5.18 .34 ll1.83 .03 
100.36 
1.88112 0.0000 0.0000 .00011 .0022 .1036 .0065 1.0005 
,0008 
11 .6 J& 9,97 .21 ,33 58.1b 19, 13 .12 
99.55 
Ji .6026 3.1111 .OJ&15 .0734 12, 1963 J& .2439 .0256 
53.13 o.oo .OJI o.oo ,03 5.13 .31 JU .J&O 
.02 100.05 
1.9010 0.0000 .0001 0.0000 .0005 .1029 .0060 .9936 
.0005 
10,89 10,31 .18 .29 59,35 18,89 .1 J& 
100.05 
II .2853 n 3.2072 ,0351 .0658 12,3192 11.1671 .0287 
53.22 .04 ,06 .04 o.oo 5,26 .35 JJ0.51 
.16 99,65 
1.91611 .0011 .0011 .0009 0.0000 .10611 ,00b9 .9796 
.00"2 
. 
(/ 
LN(KD') CR/(CR + AL) 
2.1ll .82 
2,73 .81 
2,91 .80 
2.90 .82 
2.73 .80 
3.25 .79 
:r-'\ ~ 
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